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A B S T R A C T
N uclear spectroscopy studies were perform ed on transitions in l8'A u  fol­
lowing th e  /?+ /E C  decay of 18'9Hg and 18,mHg in o rder to  determ ine the  origin of 
th e  extensive shape coexistence observed in th e  low-energy s tru c tu re  of th is nu ­
cleus; and , th rough  particle-core coupling analysis, to  probe the  shape coexistence 
observed in its  neighboring even-even nuclei, 186P t  and  188Hg. G am m a-ray  and 
conversion electron  d a ta  were collected, on-line, a t th e  U N ISO R  isotope separa to r 
facility  a t th e  O ak Ridge N ational L aboratory . T he 18,m>9Hg ac tiv ity  was produced  
in heavy-ion induced  reactions using th e  H H IR F  25 M V tan d em  accelerator.
Nine transitions w ith  enhanced  electric m onopole s tren g th  were found in 
187A u betw een s ta tes  having 1^ = 1/  and  are in te rp re ted  as arising from  th e  m ixing 
of shape  coexisting configurations. T he  coexisting shapes are described  by an odd 
p ro to n  particle  (or hole) coupled to  th e  strongly  deform ed p ro la te  and  th e  weakly 
deform ed ob late  bands in  th e  core nucleus 186P t  (or l88Hg). T he experim entally  
developed band  s tru c tu re  was com pared w ith  th e  resu lts of calculations using the  
pa rtic le -p lu s-triax ia l-ro to r m odel, P T R M . In  add ition  to  th e  identification  and 
classification of configurations involving the  s 1/ 2-d3/ 2-d 5/ 2, h n / 2, and  i13/ 2 single- 
partic le  o rb ita ls , th is analysis led to  th ree  im p o rta n t findings: first, th e  rem arkable 
agreem ent betw een th e  experim en tal and  calcu la ted  s tru c tu re s  for the  h 9/ 2-f7/ 2 
bands ind icates th a t  these single-particle configurations are m ixed in 187Au; second, 
th e  g rea t sim ilarity  betw een the  experim en tal s tru c tu re  of the  h 9/ 2-f7/2 and  (h 9/ 2- 
f7/ 2y  bands requires sim ilar deform ation  p a ram ete rs  in th e  P T R M  calculations for 
these  p ro la te  deform ed bands; and th ird , th e  EO enhanced  tran sitio n s  are m ainly 
found betw een s ta tes  th a t  correspond to  th e  m ostly  pu re  h 9/ 2 P T R M  orb ita ls, 
while no enhanced  EO transitions  are found betw een P T R M  orb ita ls th a t  having
h f)/2 and  £7/2 con tribu tions. T he first finding is no t surprising in view of the  near 
degeneracy of th e  I19/2 and  f7/2 single-particle o rb ita ls; the  second po in ts to  prolate- 
ob late  m ixing in 186P t; and  th e  th ird  represen ts th e  first observation of an effect 
which m ay provide an  experim en tal ke y  to  th e  even tual theo re tical understand ing  
of shape coexistence in these  nuclei.
CH APTER  1
IN T R O D U C T IO N
Nuclei in the  region of the  n eu tro n  deficient Z <82 isotopes have a ttra c te d  
considerable a tte n tio n  since research a t U N IS O R  first observed [1] nuclear shape 
coexistence in 18,~188Hg. T his p rec ip ita ted  extensive work on th is sub jec t and led 
to  the  Z < 82  region becom ing th e  m ost un ique exam ple of widely occurring, nearly- 
degenerate  nuclear shape coexistence ([2], [3], [4]). To explain the  origin of this 
shape coexistence is a challenge for any theo re tica l m odel. T he work described here 
is an a tte m p t to  provide experim en tal d a ta  to  help m eet th a t  challenge by quan ­
tifying and expanding  th e  experim en ta l in fo rm ation  on nuclear shape coexistence 
in the  neu tro n  deficient odd-m ass A u isotopes.
Betw een 1R'A u  and  18GAu a  very large isotope shift has been observed [5], 
[6 ] com parable to  th a t  observed betw een 186Hg and  185Hg [7]. These are th e  largest 
iso tope shifts observed anyw here on th e  m ass surface, and are in te rp re ted  [5], [7] 
as due to  sudden changes in g round -sta te  deform ation.
A system atic  s tudy  [8 ] of th e  excited  s ta tes  of 18o'18,'189Au reveals th a t  the  
band  s tru c tu re  which exists in 189A u (and  th e  heavier odd-m ass Au isotopes [9]) 
persists in 18'A u  and 185Au. However, in 18;)'18'A u  there  are add itional low-lying 
ex ited  s ta tes  which are observed to  decay by electric m onopole (EO) transitions [10]. 
These add itional s ta tes  and th e ir decay by EO transitions ind ica te  the  presence of 
shape coexistence in 18S-18'A u  [10].
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T he shape coexistence in 18o l8'A u  is a ttr ib u te d  to  th e  unusual in tru d er 
s ta te  s tru c tu re  and  collective core s tru c tu re  in th is region [10]. In th e  neutron- 
deficient A u isotopes th e  7T+ 1h 9/ 2 and 7T+1h l3 /2 in tru d e r s ta tes  are  observed [11], 
[12 ] to  lie a t very low exc ita tion  energy and are believed to  arise from  th e  prom otion 
of pro tons across th e  shell closure in to  th e  m em bers of th e  h 9/ 2 and  i i;j/ 2 deform ed 
single partic le  Nilsson orb ita ls. W hen th e  corresponding neu tro n  shell is nearly  
ha lf filled th e  neu tro n -p ro to n  in te rac tion  can bring down th e  energy of such an 
excita tion  ([11], [13], [14], [15]) so th a t  it becom es nearly  degenerate  w ith the  
ground s ta te  excitations and  is th en  referred  to  as an in tr u d e r  configuration. T he 
hg/2 and f7/ 2 p artic le  s ta te s  couple to  th e  neighboring 18J'186P t collective cores. 
T he valence pro ton-hole s ta tes  (s t / 2, d;i/2, d 5/ 2, h n / 2) couple to  the  neighboring 
i86,issjjg  collective cores.
A viable way to  investigate  th e  shape coexistence in the  neu tro n  deficient 
even-m ass P t  and  Hg isotopes it is to  s tudy  the  energy level s tru c tu re  of the  
neighboring odd-m ass A u isotopes (Z = 79). T he use of th e  odd  p ro ton  in a  core- 
particle  m odel can probe  th e  even P t  and  Hg cores. For ,86P t  and ligh ter even 
isotopes, th e  deform ed in tru d e r  configuration p en e tra te s  to  th e  Ferm i surface and 
becom es th e  ground s ta te  configuration. Similarly, b u t no t as low in energy, th e  
even Hg isotopes exhib it a  p ro la te  deform ed in tru d e r  configuration, as shown in 
F igure 2.12. T hus, of all th e  odd-m ass Au isotopes cu rren tly  accessible to  study, 
18'A u  should exhib it the  m ost com plete array  of nearly  degenera te , shape coexisting 
configurations.
T he present work was u ndertaken  to  provide as detailed  a level schem e of 
18'A u  as possible and  a basis for a detailed  discussion of th e  s tru c tu re  of l8' Au. This 
task  was aided by th e  existence of high- and low-spin /3-decaying s ta tes  in th e  l8'H g
3p a ren t. T he  /3-decay schem e of 18'H g  (J 7r= 3 /2 —) is rep o rted  for th e  first tim e. The 
/3-decay schem e of 18'H g  (J 7r= 1 3 /2 + ) repo rted  here agrees w ith  th e  m ain features 
of th e  earlier /3-decay schem e studies [10], [16], [17] and th e  in-beam  reaction  7 -ray 
spectroscopy studies [18], [19], b u t goes beyond e ither in  com pleteness. T he work is 
in tended  to  show th a t  it is necessary to  go to  a new level of spectroscopic sensitiv ity  
and  completeness  in o rder to  ex tra c t the  relevant physics. As such it represents 
a b e n c h m a rk  in th a t  regard  and is the  m ost com plete and  deta iled  spectroscopic 
analysis of a rad ioactive decay sequence to  da te . Newly developed spectroscopic 
in stru m en ts  and spectroscopic techniques were used to  accom plish th a t  task . T he 
rea liza tion  of th e  spectroscopic techiques requ ired  extensive softw are developm ent 
as p a r t  of th e  p resen t work.
CH APTER 2
NUCLEAR MODELS
N uclear s tru c tu re  theo ry  has m ade g rea t progress in the  last forty  years. 
T he lack of an exact solution for th e  nucleus as a m any-body  problem , as well as 
an insufficient understand ing  of th e  strong  force, has led to  the  developm ent of a 
num ber of nuclear m odels. M odels have som etim es been lim ited  to  a certa in  region 
of nuclei, som etim es to  certa in  phenom ena. T he persisting  goal th rough  every new 
developm ent was to  achieve, as m uch as possible, a unification of th e  successful old 
ideas w ith  the  new ones.
2.1 Liquid Drop M odel
T he first a tte m p t to  describe some nuclear p roperties was done in 1935 
by von W eizsacker [20]. T he m odel, called the liquid drop model o f  the nuc leus , 
is based on th e  two p roperties com m on to  all nuclei except for a  few light ones: 
( 1) an approx im ately  constan t in terio r m ass density  and  (2 ) an approx im ate  p ro ­
po rtiona lity  betw een the  to ta l b inding energy and  th e  nuclear m ass. T he  la tte r  
comes ab o u t because the  average binding energy per nucleon for a stab le  nucleus 
is approx im ately  constan t (8  M eV).
T he nam e, liquid drop m odel, cam e from  th e  fact th a t  classical liquid 
drops also have constan t in terio r density  and hea ts  of vaporization  th a t  are pro­
portiona l to  their m asses. T he  liquid drop m odel approx im ates th e  nucleus as a 
sphere w ith  th e  uniform  in terio r density, which is zero a t its  surface, and relates
4
th e  m ass of th e  nucleus (m (Z ,A )) to  its binding energy (B ) th rough  the  relation  [21]:
m ( Z ,  A )  =  Z m p +  N m „  — B  (2.1)
w here Z, N, and A are th e  p ro ton  num ber, neu tron  num ber, and m ass num ber 
(Z + N ) of the  nucleus, respectively. T he binding energy te rm  in E quation  2.1 was 
developed in analogy to  th e  h ea t of evaporation , b u t it acquired  some nonclassical 
p roperties as well:
B  =  a vA  -  a.,A2/'* -  a c ^ 7/^ ~  ----- 2— ~  +  5 (2 '2^
w here 8 is:
8 =
apA  3/'* for even-even nuclei
0 for even-odd and odd-even nuclei 
— a ;jA _3,/1 for odd-odd nuclei 
T he  m ajo r con tribu tion  to  B  comes from  th e  volume energy te rm  (u ), which re­
lates to  th e  approx im ate  constancy  of B / A  for alm ost the  en tire  A-range. T he 
surface term  (s )  accounts for the  reduced  binding of th e  nucleons a t th e  surface. 
T he Coulomb energy te rm  (c) accounts for th e  d im inution  of the  b inding energy 
due to  th e  Coulom b repulsion of th e  pro tons. T he asym m etry  energy ( neutron excess) 
te rm  (a )  rela tes to  th e  known neu tron  excess in th e  heavier stab le  nuclei, and  p ro ­
vides a sufficiently strong  a ttra c tiv e  force to  coun ter th e  long-range repulsive elec­
tro s ta tic  force. T he pairing  te rm  (p) accounts for th e  observed system atic  tren d  
th a t  th e  even-even nuclei (those having an even num ber of p ro tons and  an even 
num ber of neu trons) ten d  to  be very stab le , th a t  even-odd and odd-even nuclei are 
som ew hat less stab le , and th a t  there  are only a few stab le  odd-odd nuclei. T he last 
two term s involve q u an tu m  m echanics and are therefore  specific to  nuclei. O ut of 
those 5 term s, two term s have strong  influence on th e  shape of a nucleus: surface
and Coulom b. T he surface-energy te rm  favors a spherical shape (th e  surface area 
to  volum e ra tio  is m in im ized), while th e  Coulom b te rm  favors elongated “drops” 
in o rder to  keep the  charged p ro tons as far away from  one ano th er as possible. The 
Coulom b te rm  increases fas te r w ith A  th an  th e  surface-energy te rm , so th a t  a t 
som e values of A  th e  spherical shape of a “d rop” is no longer stab le  against defor­
m ation . E quation  2.1, w ith  E quation  2.2, is called the  sem iem pirical m ass form ula  
because th e  coefficients a,., a , ,  a r , a a , and  aJt are  constan ts  de term ined  em pirically 
(th e  best fit to  observed m asses). T he  sem iem pirical m ass form ula p red icts, w ith 
considerable accuracy, th e  m asses and  binding energies of abou t 200  s tab le  nuclei 
and m any unstab le  ones. I t  is also used to  p red ic t some o th er quan tities  of in te rest, 
such as th e  behavior of isobars in /3 decay.
2.2 Fermi Gas M odel
T he macroscopic  p roperties  of th e  nucleus, like density  and binding en­
ergy, resem ble those of a  liquid drop . A t th e  sam e tim e, microscopic  p roperties, 
such as nuclear wave functions and  partic le  m otion , resem ble those of a weakly 
in te rac tin g  gas. This resem blance serves as th e  basic idea for th e  Ferm i gas m odel 
and  for th e  shell m odel.
In  the  la te  1940s, experim en ta l d a ta  for some specific nuclei showed sig­
nificant d ep a rtu re  of th e ir  b inding  energies from  th e  average behavior pred icted  
by th e  liquid drop m odel. These nuclei have Z a n d /o r  N values of 2, 8 , 20, 28, 
50, 82, and  126. T he unusual s tab ility  of these nuclei is reflected in th e  nam e 
magic numbers  given for th e ir  neu tro n  a n d /o r  p ro ton  num bers. A round 1948, 
w hen th e  origin of the  nuclear m agic num bers were being discussed seriously, the  
resem blance betw een nuclear and  a tom ic phenom enon was b lu rred  by the  th inking
th a t  th e  high nuclear density  au tom atica lly  m eans constan t in teractions betw een 
neighboring nucleons.
W eisskopf was th e  first to  point ou t th a t  there  is a  sim ple exp lanation , 
based on the  Fermi gas m ode l , for th e  prem ise th a t  the  nucleons move indepen­
den tly  th roughou t the  nucleus in its ground sta te . Each nucleon w ithin  th e  volume 
(V ), defined by th e  nuclear surface, moves in an a ttrac tiv e  net potential. T h a t po­
ten tia l represen ts the  average effect of th e  in terac tion  betw een a nucleon and  all 
th e  o th er nucleons in th e  nucleus. T he  nucleons are filled up to  the  lowest possible 
s ta te s  separa te ly  for pro tons and  neu trons according to  th e  Pauli exclusion princi­
ple. Using a three-d im ensional finite square well for the  net p o ten tia l, th e  num ber 
of neu trons (for exam ple) in th e  ground  s ta te  of th e  nucleus is equal to  th e  num ber 
of d istinc t s ta tes  up  to  th e  Ferm i energy (e/):
N  (47r/3)pfT r
(2.3)
w here N is th e  num ber of n eu trons in th e  nucleus of volum e V, and  p /  is the 
m om entum  of th e  neu tron  in  th e  h ighest filled s ta te  (Ferm i m om entum ). Using 
th e  classical rela tion  betw een kinetic energy e and m om entum  p  of th e  particle , 
p  =  (2M e )1|/2, th e  Ferm i energy for th e  neu tron  gas becom es:
6/ 8 M  \ i r V )   ^ ^
w here M is th e  neu tro n  m ass. Using 2 x 1038 nucleons per cm 3 for the  central 
density  ( p )  of com plex nuclei, th e  Ferm i energy becom es abou t 43 M eV for a N  =  
A /2  type  of nucleus. A fter th e  add ition  of abou t 7 M eV for the  b inding energy of 
th e  last neu tro n , th e  d ep th  of th e  net nuclear po ten tia l (Vy) acting  on the  neu trons 
becom es abou t 50 M eV. A sim ilar resu lt is ob tained  for the  protons.
T he Ferm i gas m odel does not pred ict the  detailed  p roperties of the  low- 
lying s ta tes  of nuclei. I t  provides an estim ate  of th e  m om entum  d istribu tion  of 
nucleons w ithin th e  nucleus and is an approx im ate  therm odynam ic  tre a tm e n t for 
nuclei excited  in to  the  continuum .
2.3 Shell Model
A constan t flow of experim ental evidence for the  significance of th e  m agic 
num bers (like th e  sudden ju m p s in th e  values of th e  a tom ic rad ii, of th e  ionization 
energy, and of th e  tw o-pro ton  and  tw o-neutron  separa tion  energies after filling of 
th e  m ajo r shells) m ade th e  analogy to  atom ic physics ever m ore real. T he Ferm i 
gas m odel a lready  estab lished  th e  validity of a concept th a t  th e  nucleons move 
independen tly  in a  ne t nuclear p o ten tia l of a  nucleus. F irst a tte m p ts  to  bring the  
calcu lated  occupancies of th e  filled m ajo r shells to  the  observed m agic num bers by 
changing only th e  form  of th e  th e  net po ten tia l were not successful.
T he first m odel which could explain th e  origin of the  m agic num bers 
(F igure  2.1) was the  spherical shell m odel. It was developed by M ayer [22], [23], 
and independen tly  by H axel, Jensen , and  Suess [24], [25]. M ayer assum ed th a t  “the  
single-particle eigenfunctions of a nucleon are determ ined  by coupling of th e  spin 
to  o rb its  in a spherically sym m etric  p o ten tia l.” T h a t assum ption  led to  th e  correct 
m agic num bers, correct values for m ost of the  observed ground s ta te  spins, and the  
correct form  for th e  rela tion  betw een the  nuclear m agnetic  m om ent and nuclear 
spin. So, desp ite  a different origin of a ne t po ten tia l (nucleons move in a po ten tia l 
th a t  th ey  them selves c rea te , there  is no ex te rnal agent as in th e  atom ic case), and 
despite  a  high nuclear density, nucleons can still o rb it as if they  are tra n sp a re n t to  
each o ther inside a nucleus. Collisions betw een nucleons from  th e  low-lying levels 
are very unlikely to  occur because th e  probable  am ount of the  tran sferred  energy
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F ig u r e  2.1. The nuclear chart showing th e  p a th  of s tab le  nuclei (crossed ha tched ), 
th e  m agic num bers (dashed lines), and m idshell deform ed regions (circles or circular 
segm ents). T he figure is taken  from  ref. [26].
in such a collision is sm aller th an  the  energy needed to  p rom ote  th a t  nucleon to  
an unoccupied valence level.
T he p ictu re  of independen t particles m oving in  an  average cen tra l field 
is only an approx im ation  to  th e  nuclear m any-body  problem . T here  are non- 
negligible residual in terac tions am ong nucleons w ith  s tren g th s  th a t  depend on the 
form  of the  chosen net p o ten tia l. In the  sim plest m odels th e  average field is spher­
ically sym m etric . To describe th e  short range n a tu re  of th e  nuclear force, m odels 
assum e th a t  the  average field is nearly  constan t inside th e  nucleus and falls off 
rap id ly  to  zero near th e  nuclear surface. Those conditions are  well represen ted  by 
th e  W oods-Saxon po ten tia l
V(r) =  — ^  (2.5)
1 +  e a
w here param eters  R  and a give, respectively, the  m ean nuclear rad ius and the
10
skin th ickness. A lthough th e  p o ten tia l given in E quation  2.5 yields reasonable 
nuclear density  d istribu tions, its  eigenfunctions cannot be given in closed form , 
so different approxim ations to  th e  form  of 2.5, such as square-well and harm onic 
oscillator po ten tia ls , are o ften  used to  sim plify th e  calculations.
T he use of a th ree-d im ensional square well, w ith  the  p o ten tia l V (r) of the
form
( —Vo r < R
V(r) =
( 0 r > R
and th e  centrifugal te rm  of th e  form  leads to  th e  energy levels shown at the
left p a rt  of F igure 2.2.
T he harm onic  oscillator (H .O .) p o ten tia l, of the  form  V ( r )  =  ~ M w 2r 2, is 
particu la rly  easy to  handle  m athem atica lly , and provides a rem arkably  good ap ­
p rox im ate  solution to  m any nuclear problem s. To im prove th e  H .O . po ten tia l as 
a form  for the  nuclear average field, one needs to  add  th e  a ttra c tiv e  te rm  p ropo r­
tional to  I2 for heavy nuclei and repulsive te rm  proportional to  I2 for light ones. 
For heavy nuclei th is te rm  streng thens the  b inding of nucleons w ith higher I, which 
deepens th e  shape of the  p o ten tia l a t larger radii w here such nucleons spend m ost 
of their tim e. T he left p a rt  of F igure 2.3 shows th e  single-particle energy levels of 
a sim ple harm onic oscillator (S .H .O .), and th e  m iddle p a rt  shows how th e  levels of 
th e  S.H .O . are split by th e  in tro d u c tio n  of the  12 te rm  (o rb it-o rb it coupling).
As Figures 2.2 and 2.3 show, only th e  add ition  of spin-orbit coupling of the  
form  Vf_- — —Vis(r)  I ■ s, to  the  3-dim ensional square well or harm onic oscillator 
po ten tia ls (as well as to  th e  W oods-Saxon p o ten tia l), gives rise to  th e  realistic 
occupancies a t the  m ajo r shell closures and therefore  th e  observed m agic num bers. 
T he im p o rtan t fea tu re  of th e  sp in-orb it coupling is p roportiona lity  w ith  /, which 
can be calcu lated  using th e  rela tion , (/ • s) — ^ [ j ( j  +  1 ) — 1(1 -f 1 ) — s(s  -f- l)]fi2,
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F ig u r e  2.2. T he energy levels in the  shell-m odel p o ten tia l, s ta r tin g  w ith  the  3- 
d im ensional square  well. T h e  left p a rt  shows th e  levels expected  w ithou t spin-orbit 
in te rac tion . T he  right side shows th e  effect of th e  sp in-orb it in te rac tio n  in sp litting  
each level (except /= 0 )  in to  two levels w here j  =  / -f 1 /2  and j  =  / — 1 /2 . The 
am oun t of sp litting  is roughly p roportiona l to  I. T he  figure is taken  from  ref. [27].
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F ig u r e  2.3. T he single-particle  energies for th e  p o ten tia l of a sim ple harm onic 
oscillator (S .H .O .), a harm onic  oscillator w ith  I2 te rm , and a realistic shell m odel 
p o ten tia l w ith I2 and sp in-orb it ( l - s )  te rm s. N  is th e  num ber of oscillator phonons. 
T he figure is taken  from  ref. [26].
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to  be:
(I ■ -V /+ 1 /2 -  (I • ^= ,-1 /2  = \ ( *  + 1)»2 (2-6)
A few disagreem ents betw een  th e  figures are: th e  H .O . figure shows 40 as a addi­
tional m agic num ber; th e  square-w ell p o ten tia l gives ordering l h 9/ 2, 2f j /2 as found 
in 209Bi, which has th e  opposite  order in the  H .O . p o ten tia l figure. Some details 
abou t th e  phenom enological approach  to  th e  origin of sp in-orb it coupling is p re­
sented  in [27].
N uclear orb itals (regardless of th e  chosen form  of p o ten tia l) are rep re­
sen ted  by (n , /, j ) ,  w here n  counts th e  occurrence of the  sam e /-value ( Is , 2s,
3s,...), I is th e  o rb ita l angu lar m om entum , and j  = s -f- / is th e  to ta l angu lar m o­
m en tum  of th e  particle . P a r ity  for a given orb ita l 7r is defined by n  =  ( —1),_ The 
occupancy  of the  level is equal 2j  + 1 , which adds up to  a certa in  m agic num ber 
w ritten  in th e  circles on b o th  figures.
T he  level sequence is th e  sam e for b o th  p ro tons and neu trons below the  
gap a t 50 particles. T he filling variations above th a t  gap is due in p a rt to  the  
Coulom b p o ten tia l betw een p ro tons (which leads to  a preferred  filling of the  higher 
I s ta te s) .
For th e  nuclei a t and  near closed shells the  energy gaps a t closed shells 
provide an  effective separa tion  of the  s tru c tu re  of a nucleus in to  an “in e r t” core 
and  “ac tive” or “valence” nucleons. T he level s tru c tu re  of such nuclei, which are 
not accounted  for by the  shell m odel, are results of th e  collective m otion of the  
nucleons in the  nucleus. T he  collective p roperties vary gradually  w ith  m ass num ber 
and  are alm ost independen t of the  num ber and kind of th e  valence nucleons.
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2 .4  C o l le c t iv e  M o d e l
T he idea th a t  som eth ing  has to  be added  to  a shell m odel descrip tion cam e 
abou t [28] w hen the  observed nuclear quadrupo le  m om ents (shown in F igure 2.4) 
could not be calculated  from  the  m odel, w ith  some values being m ore th a n  a 
m agnitude  off (176Lu). J .  R ainw ater [29] argued th a t  th e  above evidence strongly 
ind icates th a t  the  basic shape  for such nuclei is not  spherical b u t spheroidal, and 
th a t  d isto rtion  applies to  filled shells as well as valence ones. Even fu rth e r, he 
claim ed th a t  th e  m ain  con tribu tion  to  the  quadrupo le  m om ents cam e from  the  
d isto rtion  of th e  core, th a t  / is no longer an exact q u an tu m  num ber and  th a t the  
coupling of angu lar m om entum  w ith  the  core can explain deviation  of th e  m agnetic  
m om ents from  th e  “Schm idt lines” .
2 .4 .1  U n if ie d  M o d e l  o f  B o h r  a n d  M o t te l s o n  Using these  prem ises, 
A. B ohr in 1952 [31] and A. B ohr and B .R . M ottelson in 1953 [32] developed a 
m odel describing “collective and ind iv idual-partic le  aspects of nuclear s tru c tu re ” . 
T hey  based th e ir descrip tion of th e  nucleus, as “a shell s tru c tu re  capable of p e r­
form ing oscillations in shape  and size” and ro ta tions , on a num ber of phenom ena:
1 ) u nderstand ing  of m any featu res of the  fission reaction  th rough  th e  liquid drop 
m odel [33], 2) observation of the  large quadrupole  m om ents for m any nuclei, and 
3) th e  occurrence of nuclear gam m a transitions of electric quadrupo le  ty p e  (E2) 
w ith  lifetim es abou t 100 tim es sho rte r th an  single-particle estim ates [34]'.
'T he paper claims that, for even-even nuclei from the rare earth region, the existence of 
transitions from 2+ —* 0+ with squares o f  m atrix elements >  1 and observed large quadrupole 
m oments in that region are related phenomena. Also, that one should expect the one-particle 
m odel to break down for nuclei o f odd mass number as soon as the excitation energy suffices to 
excite their even-even core. The last remark is about mixing between E2 and M l: if E2 is of the 
“cooperative” type it can com pete with M l transitions.
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F ig u r e  2.4. T he nuclear electric quadrupole  m om ent, q, ab o u t th e  sym m etry  
axis, divided by Z r  2 (reduced  quadrupole  m om ent), for odd-A  nuclei. T he r ‘ is 
th e  average d istance from  th e  ellipsoidal d istribu tion , of charge + Z e ,  to  th e  surface. 
T he  figure is taken  from  ref. [30]. A sim ilar d iagram  has been given by Townes, 
Foley, and Low [28].
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T he m odel defines th e  nuclear surface th rough  the  m ultipole expansion 
in p a ram ete rs  a x lt:
oc A
1 +  a uu +  5 3  O W
A=2/ j = - A
(2.7)
w here Ru is th e  rad ius of a sphere with th e  sam e volum e, and  Y t h e  norm alized 
spherical harm onic, of o rder A, fi. T he  requ irem ent th a t  th e  volum e V  =  frR?) 
s tay  constan t for all th e  deform ations ( th e  incom pressib ility  of th e  nuclear fluid is 
ra th e r  high) defines th e  constan t a 00, up  to  second order, to  be — X]a>i,/j ! a A,/i |2j 
[35].
For m ost physical problem s involving low nuclear excitations th e  quadrupole 
ty p e  (A =2) of surface deform ations are  of p rim ary  im portance . W ith  a  suitable 
ro ta tio n , such th a t th e  body-fixed axes coincide w ith  th e  principle axes of th e  mass 
d istrib u tio n , th e  deform ation  is given by the  coefficients: a„ =  J2 p=~2a i>Di‘i' (^>), 
w here D fll/ ($ ,) are th e  tran sfo rm ation  functions for th e  spherical harm onics of the 
o rder 2, and  r?, are th ree  E uler angles. For th is choice of coord inate  system  we have 
a 22 =  CL2-2 and a n  =  ai_j  = 0 , which leaves only two independen t variables <x2o and 
a 22. I t is convenient to  use th e  coordinates /32 ( th e  to ta l deform ation  p a ram ete r) 
and  7  (an  angular coord inate  characteriz ing  th e  eccen tric ity  of th e  nuclear shape)
{02 > 0), [31], [36]:
®2o =  02 cos-7 and  a 22 =  -^= (32 sin-y,
v  2
w here la 2/i|2 =  a 2o +  2 a \ 2 — (3%, and view th e  quadrupo le  shapes in  the  /32,
7  p lane, as shown in F igure 2.5.
T he to ta l system  (nuclear surface +  single partic le) is described by the  
H am iltonian:
H  = H s  +  H p +  Hint, (2.8)
F ig u r e  2.5. Q uadrupole  (A =2) shapes in the  # 2, 7  plane. A spherical shape 
corresponds to  /32 =  0. For -y =  0U, ±120 '' th e  nucleus has a  p ro la te  shape  and for 
7  =  —180°, ± 60" it has an ob late  shape. All o ther 7  values correspond to  triax ia l 
shapes, w here all th ree  p rincipal axes are different. T he in terval 0° <  7 <  60" is 
sufficient to  describe all quadrupo le  shapes (p erm u ta tiona l sym m etry  of th e  axes 
preserves th e  shape). T he figure is taken  from  ref. [37].
w here H? =  T t„f, +  T ro( +  V  describes the  surface, Hp =  T |; +  V p (r) +  D (I • s) is 
th e  particle  energy, and  th e  coupling term  H,„, =  — k  ( r p) ]FAp ciApl  A/I(i?, <p) gives 
the  energy dependence of th e  particle  on th e  surface deform ation . For m ore th an  
one particle  H m, should be sum m ed over these particles, and  they  should also be 
included in Hp.
In  th e  strong  coupling case th e  nuclear surface acquires a large defor­
m ation , and th e  approx im ate  solution can be ob tained  by considering first the  
relatively  fast m otion of th e  particle  w ith  the  respect to  th e  deform ed nuclear 
surface and , th en , the  relatively  slow v ib ra tion  and  ro ta tio n  of th e  en tire  system . 
T he  resu lting  coupling schem e is presen ted  in F igure 2.6. T he angular m om en­
tu m  vector j  of th e  partic le  precesses rapidly  around  th e  nuclear sym m etry  axis z 
(body-fixed) w ith  the  constan t p ro jec tion  0 .  T he nuclear surface perform s small
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F ig u r e  2.6. Coupling schem e for strong  particle-surface in te rac tio n  in th e  Bohr- 
M ottelson m odel. T he surface acquires an axially sym m etric  deform ation . The 
angu lar m om entum  j  of th e  particle  precesses around  th e  nuclear axis w ith the  
constan t p ro jec tion  fl. T he  to ta l angu lar m om entum  I  is th e  sum  of j  and the  
angu lar m om entum  R  of th e  surface. T he coupled system  of partic le  and surface 
ro ta te s  like a sym m etric  to p  w ith q u an tu m  num bers I ,  K  (p ro jection  of I  on 
nuclear axis), and M  (p ro jection  of I  on space fixed axis).
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vibra tions, b o th  w ith respect to  m agnitude  and shape of the  deform ation. The 
ro ta tio n a l m otion is like th a t  of a sym m etric  top  and is characterized  by three 
q u an tu m  num bers / ,  K ,  and  M ,  representing  the  to ta l nuclear angular m om en­
tu m , its p ro jec tion  on th e  sym m etry  axis z (body-fixed) and on th e  fixed z-axis, 
respectively. T he strong-coupled system  is described w ith th ree  Euler angles (spec­
ifying a coord inate  system  fixed on th e  nucleus) and two p aram ete rs , f}2 and 7 , so 
the  wave function  can be w ritten  as:
| f\ \ n ^ n ^ I K M  )
=  » ; , „ - ( < > , ) + k . k W }
w here xn  describes th e  m otion  of the  particle  w ith  respect to  th e  deform ed nucleus, 
y’ri,, n, represents v ib rations in 02 and 7  characterized  by the  q uan tum  num bers 
7102 and  n 7, and the  'DIM_ K are the  p roper functions for the  sym m etric  top , de­
scribing here th e  nuclear ro ta tions . For each particle  s ta te  there  is a spectrum  of 
v ib ra tional and ro ta tio n a l s ta tes . T he non-spherical charac te r of the  nuclear field 
im plies th a t  th e  j  of th e  partic le  is not the  constan t of the  m otion.
G eneral featu res of the  levels of the  coupled system  depend on the  streng th  
of th e  coupling. For weak coupling, each particle  level is associated  w ith the  spec­
tru m  of excited  s ta tes  w ith  th e  spacing corresponding to  the  phonon energy. H y­
d rodynam ic es tim ate  of Kto yields abou t 2 M eV for the  quadrupo le  oscillations of a 
m edium  heavy nucleus. For in te rm ed ia te  coupling s treng th  a com plicated spectrum  
resu lts . T he strongly coupled nucleus exhibits two types of excitations: one, caused 
by a  change of the  s ta te  of the  particle  m otion relative to  the  deform ed surface, 
and the  o th er, a collective excita tion  corresponding to  v ibrations or ro ta tions of 
th e  coupled particle-surface system . T he ro ta tional energies decrease strongly with
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increasing nuclear deform ation  and m ay becom e m uch sm aller th a n  th e  phonon en­
ergy. W hile collective excitations in troduce  levels which, in th e  sam e family, have 
th e  sam e parity  and  sm all spin change betw een neighboring s ta tes  ( A / = l  or 2), 
th e  particle  excitations m ay involve change in p a rity  as well as large spin changes. 
Also, particle  transitions are  in general slowed down by th e  difference in the  surface 
shape of the  com bined s ta te s , while th e  large electric quadrupo le  m om ent of the 
surface m ay enhance the  rad ia tive  p robability  for th e  collective tran sition .
T he particle-surface coupling is expected  to  be ra th e r  ineffective close to  
th e  m ajo r closed shells. In  the  even-even nuclides n ear th e  closed shells, the  first 
and  second quadrupo le  phonon v ib ra tional excitations will p roduce a 2 ^ level and 
a  O j, 2j", 4^ tr ip le t of levels a t tw ice th e  2^ exc ita tion  energy. In the  strong 
coupling case, the  ro ta tio n a l s ta tes  in th e  even-even nuclei correspond to  ro tations 
abou t th e  axis perpend icu la r to  th e  nuclear sym m etry  axis (z in  F igure 2.6) and 
are  labeled by varying I for fixed values of Q , K , n n ?, and  n^. For th e  even-even 
nuclei w ith  ground s ta tes  having J = K  =  =  0 (assum ing 7  =  0 or 7r) ro ta tional
exc ita tion  energies E / are:
h 2 1 = 0 , 2 , 4 , . . .
£J/ =  ^ J ( /  +  1) (2 '9)even  par i t y
w here S  is th e  m om ent of inertia . C entrifugal d isto rtions and  7 -v ibrations are 
tre a te d  as second order p e rtu rb a tio n s , and  are p roportional to  72(7 +  l ) 2. T he 
sm all excitation  energies found in th e  regions 155< A <185 and  A >  225 im ply, in 
these cases, th a t  th e  coupling is very strong  and th a t  th e  ro ta tio n a l energies can 
be represen ted  by E quation  2.9 w ith sm all corrections of the  7 2(7  +  l )2 type.
T he ro ta tiona l spectrum  in odd-A  nuclei depends on the  angular m om en­
tu m  70 of the  ground s ta te . For 7(, = fl =  K  >  3 /2 , ro ta tio n a l exc ita tion  energies
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Ei  are:
s a m e  p ar i t y  as ground  s ta te
In th e  case of Cl = K  =  1/2 th ere  is an add itional con tribu tion  to  Ei'.
A Ei  =  (j + 1/2) (7 + 1/2), (2.11)
where j  refers to  th e  odd partic le  w ith  £lp =  1/2. If the  system  does not prefer a 
sym m etric  shape ( + = 0  or 7r) th e  ro ta tio n a l spectrum  m ay be m ore com plicated.
2 .4 .2  Nilsson M odel In  1955 S.G. Nilsson calculated  th e  binding 
s ta tes  of individual nucleons in strongly  deform ed nuclei [38] based on th e  fram e­
work of B ohr and  M ottelson. Considering particle  s ta tes  in fields of the  spheroidal 
type  (ro ta tio n a l sym m etry  around  th e  nuclear axis) w ith the  assum ption  of reflec­
tion sym m etry  th rough  th e  p lane perpend icu lar to  the  nuclear axis, the  app rop ria te  
sym m etrized  wave function  has a form :
\ Q , I M K )  =  { x a K i < (.*<) + K
w here Xu is th e  an tisym m etrized  p roduct of ind iv idual-partic le  wave functions ^n,, 
and denoting Sf2p as £1. T he  describes the  v ibrations of th e  nucleus abou t the 
equilibrium  shape (assum ed here to  be in its ground s ta te ) , while V lhll< represents 
the  collective ro ta tiona l m otion  of the  system  as a whole. F igure 2.6 applies here 
w ith the  ju s t  m entioned  descrip tion  for £2. In the  ground s ta te  R  is perpend icu lar 
to  z  (fi =  Tif), so th e  collective ro ta tions are around the  axis perpend icu lar to  the 
nuclear sym m etry  axis.
T he in terac tion  of a  nucleon w ith  the  nuclear field is represented  th rough  
a single-particle H am iltonian  (H = H P) of th e  form:
H  =  H„ +  C l - s  + D  I 2, (2.12)
E i  =
2 3
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w here H0 is given as:
H u =
h 2 . M
2 M  2
T he x ,  y  , a nd  z are th e  coordinates of a particle  in a coord inate  system  fixed 
in th e  nucleus. Using triax ially  s tre tched  coordinates [38] £ =  \ j  ■hz' x  e tc ., 
and cylindrical sym m etry  (cvT' — u y )  the  deform ed m odified harm onic  oscillator 
p o ten tia l can be expressed in term s of deform ation p a ram ete rs  e and 7  [39] in the  
form :
Vm.h.o. =  2 h W|J P2 \  1 3 V 5 cos 7  y 2(l -  s i n  7  (Y22 + Y2_2)
KP h W0 ( tf  -  ( 12 )s  ) (2.13)
while th e  spin-orbit te rm  becom es:
Vso — -  2 K h UJ{I lt ■ s, (2.14)
w here p2 = ( 2 -f T}2 +  C,2. In  the  m odified harm onic oscillator p o ten tia l, oscillator 
frequencies are  param etrized  (ra th e r  th an  th e  rad ius) in the  form  [39]:
a y  =  ^ ( £ - ,7 ) 1 -  £ cos ( 7  +  y )
=  ^ o (e ,7 ) 1 -  jj e cos ( 7  -  y j
a y  =  a;0( e ,7 ) [ 1 -  -  e cos 7  ]
where a;u =  u>0( e ,7 ) is a  com m on factor in th e  oscillator frequencies th a t  depends 
weakly on th e  deform ation param ete rs , and  w() is th e  value of u;()( e ,7 ) for zero
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deform ation  th a t  is approx im ately  given [38] by: h u t) =  41 A -1 / ’’ M eV. T he 
add ition  of hexadecupole deform ation  (A =4) to  a  m odified harm onic oscilh.tor 
p o ten tia l can be found in [40], [41]. T he pa ram etriza tion  of oscillator frequencies 
in /?, 7  deform ation p a ram ete rs , as well as th e  connection to  Nilsson param eters  
can be found in [42]. A detailed  com parison betw een th e  Nilsson and Woods- 
Saxon deform ed shell m odel po ten tia ls is p resen ted  in [43]. A graph  of th e  relation 
betw een pa ram ete rs  e, e4 and f32, (34 and  the  view of nuclear shapes in the  e, e.\ 
p lane are  given in [40].
T he opera to r lt is the  o rb ita l angu lar m om entum  (construc ted  in term s 
of s tre tch ed  coord inates) and th e  If — ( If )A te rm  shifts th e  levels w ith  higher 
/-values dow nw ard (th e  average value of If w ith in  a  shell, ( If )A., is su b trac ted  to  
resto re  th e  average energy of th e  shell so th e  d istance betw een the  cen ter of gravity  
of two ad jacen t oscillator shells rem ains /iuy, [44]). T he s tren g th  pa ram ete rs  n and 
/z are f itted  separa te ly  for p ro tons and neu trons, w ith  the  condition th a t  th e  m odel 
reproduces th e  observed levels in spherical nuclei. To achieve th e  best fits, k and fi 
are chosen for each shell separately . For exam ple, an im proved Nilsson p a ram ete r 
set (k  and  fi) in the  A u-P t region is given in [45].
T he o th er form  for th e  p o ten tia l energy of th e  m ean field is given by the  
deform ed W oods-Saxon p o ten tia l [37]:
V h - s ( r , t f , ¥ > ) =  ---------r-m*,*) ( 2 -1 5 )
1 +  e a(’^ v-)
w here Vq is the  po ten tia l d e p th , a(i9,<p) is a  surface diffuseness th a t  is kept constan t 
by allowing th e  weak dependence on angles i? and <p, and R(i9,ip) is th e  radial 
p a ram etriza tio n  of th e  form  2.7 (see [46] for m ore details on th e  deform ed W ocds- 
Saxon p o ten tia l and  the  ways to  pa ram etrize  it) .
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T he Nilsson H am iltonian  is usually diagonalized in one of two bases, de­
pending  on th e  size of a deform ation . T he spherical harm onic oscillator basis 
| NljQ,  } is used for small deform ations and the  Nilsson wave functions are given
by a superposition  of spherical harm onics. For larger deform ations, th e  I ■ s and 
_»2
l term s in E quations 2.13 and 2.13 are negligible in com parison w ith  th e  term  
p roportiona l to  Y2{\. T he an isotropic harm onic oscillator basis | N n zAQ ) is th en  
used w ith  th e  q u an tu m  num bers [Arn^A]fl,r (asym pto tic  q u an tu m  num bers). N  
is th e  shell q u an tu m  num ber, n z is th e  num ber of nodes in  the  wave function in 
th e  z  d irection , A is the  com ponent of th e  o rb ita l angular m om entum  along the  
sym m etry  axis (see F igure 2.6), i t  is th e  p arity  of th e  s ta tes  ( t t  — ( —1)A) and fi 
is th e  com ponent of the  single-particle  angular m om entum  j  along th e  sym m etry  
axis z (fi =  mi  +  m , =  m i  ±  1 / 2 ).
T he single-particle  energy eigenstates are ob tained  num erically  and are 
usually  p resen ted  in th e  form  of a Nilsson diagram . A p a rt of a Nilsson diagram  
for p ro tons w ith  W oods-Saxon as a m ean-held po ten tia l is shown in F igure 2.7. 
O nce th e  spherical nucleus is deform ed, th e  breaking of spherical sym m etry  causes 
th e  2j + \  degenera te  shell m odel s ta tes  to  split in to  ( 2j - f l ) / 2  levels, each having 
fi in  th e  range: j  >  fi >  1 /2 . D ue to  inversion sym m etry , each of th e  levels is 
still two-fold degenera te  ( ± f i ) .  For the  p ro la te  shapes (f32 > 0) the  s ta te  w ith  
th e  highest value of fi lies th e  h ighest in energy, while th e  opposite  is tru e  for th e  
ob late  shapes ( 0 2 <  0), see F igure 2.7.
T he ground s ta te  spin and  p arity  for deform ed nuclei can be ob tained  
from  th e  Nilsson d iagram  in th e  following way: for the  observed deform ation  (d e ­
te rm in ed , for exam ple, from  th e  m easured  quadrupo le  m om ent Q n), the  doubly- 
degenera te  levels ( ± f i ,  tim e reversed o rb its) are filled up w ith a pair of p ro tons or
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Single particle proton level 
Woods-Saxon potential /34=0 7=0 Z=77
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F ig u r e  2.7. A Nilsson d iagram  of th e  p ro ton  single-particle s ta tes  in a deform ed 
W oods-Saxon po ten tia l for 77Ir. The s ta tes  are labeled by [7Vn2A ]0 ,r. D o tted  lines 
correspond to  negative p a rity  s ta tes. (T he  calculations were done by P. Semmes
[47].)
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a pair of neu trons, coupled to  a to ta l spin zero. T he ground s ta te  spin and parity  
is de term ined  by the  spin and  p a rity  of the  o rb ita l occupied by the  last nucleon.
2 .4 .3  T h e  P a r t i c l e  +  T r ia x ia l  R o t o r  M o d e l  As one of a wide 
variety  of core-quasiparticle  coupling m odels derived from  th e  B ohr H am iltonian 
(2.8), th e  partic le-p lus-triax ia l-ro to r m odel (P T R M ) [48], [41] can provide some 
physical quan tities th a t  can be com pared  to  experim ental d a ta . These q u an ti­
ties are: d iscrete energy levels w ith spins and  parities, M 1/E 2  m atrix  elem ents 
including s ta tic  m agnetic  dipole ( f i) and  electric quadrupo le  (<5 S) m om ents, and 
tran s itio n  p robabilities and  m ixing ratios (£ (E 2 /M 1 )), as well as various angular 
m om entum  expecta tion  values ( ( R  ■j  ), ( I  • j  ), ...).
T he general idea th a t  th e  odd-A  nucleus can be approx im ated  by the  
collective core coupled to  an  unpaired  nucleon as the  odd partic le , leads to  the  
to ta l H am iltionian (H lot) of th e  form:
Htot =  H corc + H sp, + H int. (2.16)
This m odel assum es th a t  core and single particle  e igenstates and eigenvalues are 
“know n” and satisfy the  equations:
H-core | R , a  ) — Eft'fy [ R ,  a  ) and  H s.p, [ j , ^  )
If  th e  assum ption  th a t  odd-A  space can be construc ted  as a direct p roduct space 
is valid,
| I , R , a , j , v  ) = [ | R , a  ) <g> | j , v ) \ ,  (2.18)
th e  to ta l H am iltonian (H lot) can be diagonalized and its eigenvectors and eigenval­
ues found. T he m odel can th en  be used to  com pute m atrix  elem ents of an opera to r
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O  (such as M l, E2, ...) in th e  form  ( I f  || O  || I, ), assum ing th a t  the  opera to rs can 
be w ritten  as: O  odd-A — O corr +  O s_p., w ith “know n” core ( R  , a  | O rorr \ R ,  a )  
and  single particle  ( j \ v  \ G„.p, \ j , u  ) m a trix  elem ents for th a t  opera to r. Similary, 
th e  to ta l angular m om entum  I  is separa ted  in to  a core p a rt  R  and a single particle  
p a rt  j :  I  =  R  +  j .
1 . T he  “core” is often identified as an even-even neighbor which is as­
sum ed to  be collective, to  satisfy th e  Pauli principle and  is th e  sam e for all odd-A  
sta tes  (po lariza tion  effects are neglected). For th e  core as a  rigid triax ia l ro to r, the  
H am ilton ian  is of th e  form:
R c o r c  — R y o t  T  R m  i s i r  R ' (2.19)
T he  coupling betw een th e  in trinsic and ro ta tio n a l m otion is usually  neglected 
( H coupi % 0 ) and  th e  ro ta tio n a l p a rt is expressed in the  in trinsic (body fixed) 
reference fram e in the  form :
Hrot = E  A, A,  = ^  (2 20)
w ith  th e  m om ent of in e rtia  (S,-) abou t the  i lh in trinsic axis in th e  form  (hydrody- 
nam ical estim ate): 3 , =  '^Ss^sin2{^  +  ^ p ) . T he overall inertia l p a ram ete r, 3 (,, sets 
the  energy scale for the  core ro to r and is de term ined  by the  G rodzins’ relation: 
E ( 2 f ) =  =  1225f3~2A ~ R 3 ( M e V ) ,  used also by M eyer-ter-V ehn at  al.  [49].
T he sign convention (+ )  (L und convention, used in th e  P T R M ) m eans th a t  3 2 is 
th e  largest for /?2 (or e) >  0, while M eyer-ter-V ehn used ( —) [49].
W ith o u t th e  coupling term  the  wave function  of th e  core ( ^ r k h i ) is a 
p roduct of an in trinsic  p a rt  ($/<) and th e  ro ta tiona l p a rt ( )  and it has to  
be sym m etrized  under the  D 2 point group (H rol is sym m etric  w ith respect to  the
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ro ta tio n  by 180" abou t each of the  in trinsic axes):
I K k  * k  +  { - 1),UK v 'L l <  * - K 1 (2'21)
where ' D ^ k  is a ro ta tio n  m atrix  corresponding to  the  angular m om entum  R  and 
its  p ro jections M  and K  on the  lab  z-axis and  the  in trinsic  z-axis (analog to  z in 
F igure 2.6, or 3-axis in F igure 2.5), respectively. T he allowed values for K and R 
(res tr ic ted  by the  sym m etry ) are:
K  =  0 ,2 ,4 , . . .  (nega t i ve  values  en te r  th rough  the  con ju ga te  s ta te )
and
R
K ,  K  + 1, K  + 2,  ... f o r  K  ^  0 
even integers fo r  K  =  0.
T he in trinsic wave function  for th e  core is the  BCS quasiparticle
vacuum .
T he m odel uses th e  “Rigid Core A pprox im ation” , which m eans th a t  m o­
m ents of in e rtia  are constan t (independen t of core angular m om entum  R  or ro ­
ta tio n a l frequency) b u t no t rigid body m om ents of in ertia , and the  core energy 
spectrum  is a “rigid ro to r” spectrum .
2. T he o th er two term s in the  P T R M  H am iltonian  (E quation  2.16) are 
th e  single partic le  H am iltonian  ( H 9p)  and the  in te rac tio n  te rm  ( H,nt). H 9p is a 
spherical shell m odel H am iltonian  for th e  odd nucleon. T he in te rac tion  H am ilto ­
nian Hi„i — H p-h +  H pair is a  sum  of particle-hole and  partic le-partic le  in terac tions, 
respectively. T reatm en t of th e  core as a rigid triax ia l ro to r allows th e  tran sfo rm a­
tion of th e  sum  (H s,p. +  i f ;j_/,) to  the  in trinsic  fram e w here it takes the  form  of 
a one-body deform ed shell m odel H am iltonian  H f p used in the  strong  coupling 
lim it. T he particle-hole te rm  can have th e  form :
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f f p - k =  -  «  %, ■ Q™, =  -  it E  ( - ) "  Y» QZr
where qp =  r 2 F2,2, if th e  quadrupo le  term s only are included. T he in terac tion  
H am iltonian  (# , n<) of E quation  2.16 has the  form:
Hint = -  -  G £ a + a t , a * a „ .  (2 .2 2 )
/1/ ,1V
T here  are two bases for th e  P T R M : weak coupling and strong  coupling 
bases. T he  energy sp litting  of the  single-particle levels th a t  belong to  different K  
values is sm all, com pared  to  th e  Coriolis m a trix  elem ents, for the  sm all deform a­
tions. In  th a t  case the  so called weak coupling or non-alignm ent lim it is valid [50]. 
T he  basis functions are  of th e  form :
I I , R , a , j , v  ) =  [ | H, a  ) ® \ j , v ) \ j
or even b e tte r
\ I , R , O L , j ~ l , j +\ v  ) = u  [ I R  { A +  l ) , a  ) 0  | j - l »* ' ) ] / 
+  v  [ | R  ( A  -  l ) , a  ) ® \ j +' , v ) ] r
w here th e  first te rm  is coupling of a  hole w ith  the  neighboring A + l  core and  the  
second is coupling of a partic le  w ith  th e  neighboring A -l core. T he factors u and 
v are th e  occupation  probab ilities for th e  different single-particle s ta tes  (see [37], 
for exam ple).
T he strong  coupling lim it (deform ation  alignm ent) is valid when th e  Cori­
olis m a trix  elem ents are  sm aller th a n  th e  energy sp litting  of the  single-particle lev­
els in th e  deform ed shell m odel for different values of fi. T he  sym m etrized  strong
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coupling basis s ta tes  are:
=  \ l ® i/-K  “ - + l * > ]
w here th e  a+  is th e  quasiparticle  creation  o pera to r and | 0 ) denotes the  BCS 
vacuum  (average of th e  two neighboring even-even nuclei). T he  D  function  doesn’t 
depend  explicitly  on th e  core angular m om entum  R, so the  core H am iltonian  of the 
triax ia l ro to r can be expressed in a new form , using vector equation  R  =  I  — j :
R-corc =  £  A, R] = £  Ai (I, -  j ,  )2 =  £  Ai ( i f  +  j f  -  21,j ,  )
i = i  i = i  i = i
w here th e  te rm  p ropo rtiona l to  j f  is called the  recoil te rm  and th e  one p roportional 
to  21, j ,  is the  Coriolis in te rac tio n . In  th e  strong  coupling lim it th e  Coriolis in te rac ­
tion  is sm all, so th e  single-particle  levels are not p e rtu rb . T he Coriolis in terac tion  
is th en  taken  in to  account only for th e  diagonal con tribu tion  Q = K  — 1 /2 . The 
odd  partic le  is m oving m uch faster th a n  the  ro ta tin g  core and  therefore  sees a fixed 
deform ed p o ten tia l (ad iabatic  approx im ation). T he energy spectrum , in th e  case 
of axial sym m etry , is given by:
E ( I , K  = n) =  ( I K M , v  | H lot \ I K M , v )
= +  W o  + +  < V I I '  ~
+  « « k . i / 2 ( - ) ' +1 /2 ( / + ^  ) ]  (2.23)
w here e^p are  quasi-partic le  energies, a is the  decoupling fac to r, and the  m iddle 
te rm  in th e  energy equa tion  is a “recoil te rm ” . For axial sym m etry , G] =  $52 ~  
and  R  is perpend icu lar to  th e  sym m etry  axis ( 0  =  K) .  As th e  left p a rt of F igure 2.8 
shows, in th e  strong  coupling lim it (deform ation  aligned) K  is large and the  K 2 
te rm  will dom inate  th e  Coriolis te rm  for a large deform ation . In th a t  lim it K  is a
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good q u an tu m  num ber. T he  p e rtu rb a tio n , like th e  Coriolis m ixing effects, causes 
the  angle of vector j  to  “w obble”slightly as it precesses abou t th e  (3)-axis.
Still an o th e r lim it occurs for high spin s ta tes , when the  Coriolis term  
dom inates the  K 2 te rm . Good cand idates for th is lim it are unique p arity  sta tes. 
T hey have (usually) high spin and parity  opposite  to  neighboring (norm al) s ta tes  
and  are pushed  down from  th e  nex t m ajo r shell by the  strong  sp in-orb it in terac tion  
in th e  shell m odel. T he unique parity  Nilsson o rb its  are ex trem ely  pure  because 
th e ir opposite  p a rity  p reven t them  from  m ixing w ith  any o ther (norm al) orbits 
in th e  region. T h a t is why their p roperties (like Coriolis effects) can be studied 
m ore sim ply th a n  the  p roperties of m ost o ther s ta tes . Coriolis effects are largest 
for th e  low K  o rb ita ls of th e  high spin s ta tes  (larger m atrix  elem ents and sm allest 
energy separa tion ), which are th e  o rb its whose angu lar m om enta  are aligned nearly 
parallel to  th e  nuclear ro ta tio n  axes (equato ria l o rb its). This schem e, called the 
ro ta tio n  aligned schem e, is shown in the  righ t p a rt of F igure 2.8. K  is not good 
q uan tum  num ber in th e  ro ta tio n  aligned lim it. T he particle  angular m om entum  
vector, j ,  precesses abou t th e  ro ta tion  axis (perpend icu lar to  th e  sym m etry  axis) 
causing K  to  vary significantly. T he pro jec tion  of j  on th e  ro ta tio n  axis, a ,  is a 
good q uan tum  num ber in th e  ro ta tion  aligned lim it. T he lowest lying s ta tes  are 
those th a t  are m axim ally  aligned ( a  =  j ) ,  called favored states ,  w ith  A I  = 2 levels 
producing  sp ec tra  equivalent to  th a t  of the  neighboring even nucleus, w ith to ta l 
angular m om entum  having values /  =  j ,  j  ± 2 ,  j  ±  4, .... Lesser aligned s ta tes  
th a t  have a  — j  — 1 are called unfavored states  and lie a t higher energies. Their 
to ta l angular m om entum  has values I  = j  ± 1 ,  j  ±  3, ....
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D e fo rm a t io n  a l igned
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F ig u r e  2.8. Coupling schem es in the  p a rtic le + ro to r  m odel: (left) strong  coupling; 
(righ t) ro ta tio n  aligned or decoupled schem e.
2 .4 .4  C a lc u la t io n  S c h e m e  o f  t h e  P a r t i c l e + T r i a x i a l  R o t o r  M o d e l
T he pairing te rm  th a t  describes a short-range residual in te rac tion  betw een nucle­
ons w ith  th e  sam e quan tum  num bers b u t opposite  pro jec tions of th e  single-particle 
angular m om entum  justifies solving th e  H am iltonian  for th e  P T R M  by using BCS 
w avefunctions and  quasi-partic le  opera to rs [37]. A quasi-partic le  is no t localized 
in a  certa in  o rb ita l, b u t ra th e r  sm eared ou t above and  below the  Ferm i energy 
over the  energy range given by th e  pairing gap A . Above th e  Ferm i level, the 
quasi-partic le  has particle  p roperties , while below Ferm i level it has th e  properties 
of a hole.
T he calculation schem e is as follows: F irs t th e  Schradinger equation  de- 
scibing the  single-particle m otion in th e  deform ed field is solved, a t fixed deform a­
tion  selected by th e  user (p red icted  deform ations as f32 in [51]). T he  “universal”
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p aram eters  of the  W oods-Saxon po ten tia l (used here) are taken  from  [52]. The 
diagonalization gives ad iaba tic  deform ed single-particle orb itals (Nilsson sta tes). 
T he pairing is tre a te d  by th e  BCS m ethod  and is approx im ately  diagonalized us­
ing ad iaba tic  deform ed orb ita ls. T he quasi-particle  energy and th e  occupation 
p robabilities are calcu lated  for each single-particle energy. T he Ferm i energy A 
and  pairing gap A are com puted  using as in p u t the  value for the  pairing s treng th  
G. In th e  calculation only p ro ton  orb itals are needed. T he G has the  value of 
th e  p ro ton  p a ram ete r for rare  earths: G = G P = [17.9 -f 0.176(iV — Z ) \ / A  as in 
[53]. T he  single-particle space is tru n c a te d  and , for the  set of the  deform ed single 
partic le  s ta tes  around  the  Ferm i energy (<  13 s ta tes  for 18'A u  calcu lation) the  
single-particle m atrix  elem ents ( (u \ j + \ u), (u \ j _  | u), etc . ) are calculated. 
T he m om ent of in e rtia  for th e  rigid triax ia l core is e s tim a ted  from  th e  E-2+ energies 
of th e  neighboring even-even nuclei, or is approx im ated  by G rodzins’ rule [54]. C al­
cu lations showed th a t  th e  value for th e  energy of the  “core 2 + ” s ta te  is som ew hat 
sm aller th a n  th a t  from  th e  even-even neighbors (b e tte r  fit to  experim en tal values). 
T he m ain  reason for th e  decrease is th a t  the  even-even Hg and  P t neighbors are 
not very good ro to rs. A no ther po in t is th a t  a given ro ta tiona l s ta te  in an odd-A 
nucleus typically  couples to  a  num ber of core s ta tes  (not only 0+ and 2+ ). Thus 
th e  m odel’s “core” has to  represen t some average behavior of the  relevant bands 
in th e  even-even neighbors.
Finally, th e  strong coupling basis | I K  Mu)  is construc ted  and  th e  ( I'  K '  M'  v ' 
Hcore | I K  Mu)  m atrix  is diagonalized together w ith the  quasi-partic le  energies. 
P roduced  P a rtic le + R o to r  eigenvalues and eigenvectors are used to  com pute re­
duced m atr ix  elem ents, like ( I f  || M l  || I, ),  ( I j  || E2  || / , ) ,  etc.
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T he calcu lation  schem e described above gives single-particle configura­
tions (level’s spin and  energy for different K values), m om ents, and B (M 1)/B (E 2) 
ratios w ith in  a ro ta tio n a l band . D etails as well as a critique of th is m odel can be 
found in  [55].
2.5 Shape Coexistence and Intruder States
Shape coexistence is evident in nuclei near closed shells, like the  p ro ton  
closed shells a t Z  =  50 and  Z  =  82, or in a m ore lim ited  way a t neu tron  closed 
shells, [11]. In these regions of nuclei, intruder  s ta tes  occur a t low energies, where 
th ey  com pete  w ith normal  s ta te s , and  usually  have different deform ations th an  
th e  norm al ones. In th e  neutron-defic ien t P t ,  A u, Hg, T l, P b , and  Bi isotopes the 
in tru d e r  configurations are form ed by prom oting  one or m ore p ro tons across the  
Z  — 82 shell gap.
In  th e  shell-m odel descrip tion of in tru d er s ta tes  in odd-A  nuclei (w ith 
th e  closed shell —1 or —3 pro tons as in the  case of T l and  A u, or closed shell +1 
p ro ton  in Bi) an exc ita tion  of a  p ro ton  across th e  shell closure form s a proton 2 h -lp  
configuration in T l and  Au (or 2 p -lh  in B i), as shown schem atically  for th e  2 h- l p  
case in F igure 2.9. T he exam ple of system atics of 79Au and 8 |T1 low energy levels 
as a  function of the  neu tro n  num ber is shown in F igure 2.10. In tru d e r  s ta tes  (h f)/ 2 
and i 13/ 2 in b o th  nuclei) are  draw n w ith black circles. T he com m on p ro p erty  of 
these  in tru d e r  s ta te s  is th a t  their energy drops significantly as the  neu tron  num ber 
changes from  abou t 120 (near the  closed shell num ber of 126) to  abou t 104 (th e  
m idshell num ber of neu trons).
T he shell m odel descrip tion  [14] of such a gain in th e  b inding energy for 
an in tru d e r  s ta te  is based m ainly or. two in teractions: one is the  pairing in te rac tion  
betw een the  two-hole p a rt  of the  2 h - lp  configuration (or tw o-particle  in the  2p - lh
F ig u r e  2.9. Schem atic rep resen ta tion  of a single p ro ton  exc ita tion  across the  
Z = 82  shell gap form ing a 2 h lp  p ro ton  in tru d e r configuration j T he norm al hole 
o rb ita l, lh ,  is deno ted  by j v>. T he  neu tron  o rb ita ls, j„ ,  are filled w ith  a BCS-like 
pair d istribu tion . T he figure is taken  from  th e  ref. [14].
configuration) for the  one nucleon type , and the  o ther is th e  residual p ro ton -neu tron  
in te rac tion  betw een these particle-hole  configurations and  th e  valence nucleons of 
th e  o th e r type . T he reference s ta te  is a closed shell configuration (like a Z=82, 
N = 82  nucleus) ou t of which norm al or in tru d e r configurations (left or right in 
F igure  2.8) are bu ilt. In th e  case dep icted  by F igure 2.9, th e  norm al configuration is 
bu ilt by creating  a  certa in  num ber of pairs of neu tron -partic les , one pair of proton- 
holes, and  a  pro ton-hole, while th e  in tru d e r configuration has one m ore pair of 
pro ton-holes c rea ted  beside th e  creation  of a p ro ton -partic le  above th e  shell closure. 
Such in tru d e r  configurations have a larger effective num ber of “valence” pro tons 
th a n  norm al ones (counting  bo th  particles and  holes, th e  norm al configuration has 
1 and  th e  2 h lp  configuration has 3), and  therefore have different in terac tions w ith 
th e  valence n eu trons and different shapes.
For th e  case of even-even nuclei in th is region (like P t  or Hg, which 
rep resen t a  core in the  partic le -ro to r calculations for Au nucleus) the  in tru d e r
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F ig u r e  2.10. Single partic le  energy system atics for odd-m ass A u ([11]) and Tl 
([11], [56]) isotopes. In b o th  isotopes the  Ferm i energy lies near the  s i / 2 s ta te . 
T he  observation of i ]3/ 2 and h 9/ 2 configurations decrease in energy w ith  decreasing 
n eu tro n  num ber designate i13/ 2 and h 9/ 2 as in tru d e r s ta tes. As th e  left plot shows, a 
m em ber of the  h 9/ 2 in tru d e r configuration even becom es th e  ground s ta te  in 185 Au.
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configurations are form ed by the  prom otion  of a pair of pro ton-partic les across 
the  shell gap [13] (shown schem atically  in th e  top  p a rt of Figure 2.11). These 
2p-2h in tru d e r configurations are characterized  by a larger effective num ber of 
“valence” pro tons (partic le  plus  holes), so th ey  have a  different in te rac tion  with 
the  valence neu trons and  a different shape. T he energy needed to  p rom ote  a pair of 
pro tons across th e  shell closure is influenced by several in terac tions, as the  num ber 
of valence neu trons grows: one is pairing, which is stronger by th e  form ation of 
two m ore pairs (pro ton-hole pair below and p ro ton -partic le  pair above th e  shell 
closure), and  the  o th er is the  residual p ro to n -n eu tro n  in terac tion  th a t  has two p arts , 
m onopole and quadrupole  term s. As shown in th e  b o tto m  plot of F igure 2.11, the  
quadrupo le  p a rt  of th e  residual p ro ton -neu tron  in te rac tion  has the  strongest effect 
on a change in th e  b inding energy as the  num ber of valence neu trons changes. The 
m inim um  in th e  to ta l energy is expected  around  m idshell for valence neu trons and 
is experim entally  observed, as F igure 2.12 shows, in the  case of Hg and P t isotopes.
2 . 6  T h e o r e t ic a l  O v e rv ie w  o f  M e th o d s
In  th e  analysis of th e  experim ental d a ta , one of th e  key elem ents leading 
tow ard the  estab lishm ent of shape coexistence in a nucleus is the  identification 
of EO transitions. T he analysis of our d a ta  requires a good knowledge of 7 -ray 
m ultipo larities and in te rn a l conversion coefficients.
2 .6 .1  G a m m a - r a y  T r a n s i t io n s  D e-excitation of an excited  nucleus 
by 7 -ray  emission represen ts a purely  e lectrom agnetic  process w ithin the  nucleus. 
D uring the  in te rac tion , energy is tran sferred  from  th e  excited  nucleus to  the  e lectro ­
m agnetic  rad ia tion  field and  th is exc ita tion  of th e  field appears as a 7  ray, leaving
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F ig u r e  2.11. T he u pper plot is a schem atic rep resen ta tion  of a p ro ton  2p-2h 0+ 
in tru d e r  configuration for even-even nuclei. T he j^t denotes the  regular o rb ita l, j n 
th e  in tru d e r o rb ita l, and  j„ th e  neu tron  orb ita ls filled w ith a BCS-like pair d istri­
bu tion . T he lower p lot is a  to ta l energy correction (the  solid line) for the  lowest 
in tru d e r  s ta te  0+ for even-even nuclei in th e  Z =82 region. T he u n p e rtu rb ed  energy 
of th e  2p-2 h configuration, 2 ( e ^  — ej ,) ,  is lowered by th e  different contribu tions 
of pairing, A E pni>, by th e  m onopole p ro ton -neu tron  in te rac tion , A E ^/, and by the  
quadrupo le  p ro ton -neu tron  in te rac tion , A E q . B oth  plots are taken  from  ref. [13].
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F ig u r e  2.12. T he system atics of near spherical (o) and w ell-deform ed, in tru d er 
(□  or • )  s ta te s  in  th e  even-H g isotopes (u p p er p lo t) and  ev en -P t isotopes (lower 
p lo t). B oth  plots are taken  from  ref. [4].
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th e  nucleus in some lower energy s ta te . E m itted  7  rays can be classified according 
to  the  type  of oscillations (electric or m agnetic) and  th e  am ount of the  angular 
m om entum  carried  of by th e  rad iation .
T he  M (L) and  E (L ) m ultipo larity  assignm ents identify  the  tran sition  as 
transferring  L = l,2 ,3 ,.. .  un its  of angular m om entum  and orig inating  from  m agnetic 
or electric oscillations, respectively.
T he  p a rity  of a m ultipole is de term ined  from  the  value of th e  transferred  
angu lar m om entum  L as 7T|-x ( - 1 ) 7' for the  electric and 7Tmi, =  ( —l ) /+l  for the
m agnetic  one.
T he  selection rules for a 7 -ray tran s itio n , which decays betw een an in itial 
nuclear s ta te  of spin I, and parity  7r, and a final nuclear s ta te  of spin I f  and  parity  
7Ty, are  fo rm ulated  as follows:
{A 7r =  no  even  L  electric, odd L  m agneticA 7t =  yes  odd L  electric, even  L  m agnetic
T he  7  tran s itio n  carries a t least one un it of angular m om entum  (L > 1 ) so the  
m onopole m u ltipo la rity  in th e  case of I, = I j  does not occur, and th ere  is no 7 
tran s itio n  betw een s ta tes  having I, =  I ;  =  0.
T he m ultipo le  tran sitio n  probabilities can be roughly es tim a ted  from  the  
shell m odel theory . T he W eisskopf estim ates [57], [58] were calcu lated  on th e  basis 
of very weak coupling betw een nucleons, so th a t  in a 7  tran sition  only a  single 
nucleon experiences a change in its q uan tum  sta te . P lo ts or tab les of W eisskopf 
estim ates can be found in m any tex t books (see for exam ple [2 1 ]) showing p ropor­
tiona lity  betw een p robab ility  and 2L+1 power of tran sition  energy and 2L /3  or 
[2 (L -l)/3 ] power of m ass num ber A, for electric or [magnetic] m ultipoles).
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A few general expecta tions for m ultipole em ission, based on th e  single­
partic le  estim ates [59], are: 1) em ission of the  lowest p e rm itted  m ultipo le usually 
dom inates, 2 ) electric m ultipole emission is m ore p robab le  th a n  m agnetic  m ultipole 
em ission w ith th e  sam e angular m om entum  transfer (by a fac to r of 102 for m edium  
and  heavy nuclei), and 3) em ission of m ultipo le L + l  is less p robable  th a n  emission 
of m ultipo le  L of th e  sam e ty p e  ( by a fac to r of 10-5 ). T hese estim ates can be 
m odified by m any orders of m agn itude  by th e  p roperties of specific nuclear s ta tes, 
which are no t taken  in to  account in a  single-particle approach . O ne such exception 
is found in  the  case of m agnetic  dipole ( Ml ) ,  w ith which th e  electric  quadrupole  
(E2) often com petes favorably.
2 .6 .2  I n t e r n a l  C o n v e r s io n  In te rn a l conversion is an  e lectrom ag­
netic  process th a t  com petes d irectly  w ith  7  em ission. In th e  one-step  process, the  
nuclear m ultipo le  fields in te rac t d irectly  w ith th e  atom ic e lectrons, resu lting  in 
th e  em ission of one of th em . Such an electron , called a conversion e lectron , can 
o rig inate  from  any of th e  K , L, M, ... a tom ic shells. In  th e  process, an e lectron  is 
given k inetic  energy, T e, equal to  th e  energy of a nuclear tran s itio n , A E , reduced 
by th e  value of th e  e lectron binding energy, B , : A E  =  T P +  B , and  some am ount 
of th e  angular m om entum .
A vacancy in the  atom ic shell, p roduced  by th e  conversion process, is 
filled very rap id ly  by an electron  from  higher shells. C haracte ris tic  X -ray emission 
therefore  accom panies th e  conversion process.
T he  selection rules for in te rnal conversion (except for A uger electrons) are 
th e  sam e as for 7  tran sitio n s , w ith th e  difference being th a t  the  (E —> (E conversion 
tran s itio n  is allowed th rough  th e  electric m onopole tran s itio n  EO.
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T he decay p robab ility  of in te rn a l conversion, Xc, relative to  th a t of 7  
em ission, A7, is given th ro u g h  th e  internal  conversion coefficient , a ,  as:
_ K  
a V
Conversion coefficients have been tab u la te d  [60] for e lectron  shells and  subshells 
up  to  L = 5 m ultipoles for ind iv idual elem ents. T he to ta l decay p robability , A(, for 
a  specific nuclear level is a sum  of p robabilities for b o th  processes:
A( =  A., +  Ae =  A-, (1 -f- a )
w here a  represen ts th e  to ta l in te rn a l conversion coefficient, which is a sum  of the  
p a rtia l in te rn a l conversion coefficients represen ting  th e  ind iv idual a tom ic shells. 
T he  to ta l in tensity  in th e  special case of E0 m ixing w here Vf—Vj 7^0 , as used in the  
d a ta  analysis, is tre a te d  in Section 4.5.2 of C h ap te r 4.
In th e  case of an IJ1-= 1^= 0  tran sitio n s , 7  em ission is no t allowed so only the  
in te rn a l conversion process occurs th rough  th e  electric m onopole E0 tran sition . To 
m easure  the  electric  m onopole s tren g th  a  new p a ra m ete r, the  m onopole s treng th  
p a ram ete r, p (E 0), is defined [61]:
ln2
P  ^  ^ =  T { E 0 ) n
w here T (E 0) is a p a rtia l half-life of th e  level which depopulates by an  E0 tran sition  
and  IQ is an “electronic fac to r” , which is independen t of nuclear te rm s and  can be 
com puted  w ith in  th e  fram ew ork of a tom ic theory.
CH APTER 3
EXPERIM ENTAL SYSTEMS
T he experim ents th a t  are discussed here were perform ed a t the  Holifield 
H eavy  Ion  R esearch  F ac ility  (H H IR F ) in Oak Ridge, Tennessee using facilities 
of th e  U n iv ers ity  Iso tope  S ep a ra to r  a t O ak  R idge (U N ISO R ). U N ISO R  is a con­
sortium  of 11 universities, including LSU, as well as th e  O ak  R idge N a tio n a l 
L ab o ra to ry  ( ORNL)  and  th e  O ak  R idge A ssociated  U niversities (O R A U ). T he 
U N ISO R  facility has an isotope separa to r (ISO L) on-line to  the  accelerators a t 
H H IR F  and has focused its research  program  on nuclear s tru c tu re  studies of neutron- 
deficient nuclides far from  th e  /3-stability line. T he U N ISO R  isotope separa to r is 
o p era ted  directly  on-line to  th e  H H IR F 25 MV folded tandem  elec trosta tic  acceler­
a to r (shown in F igure 3.1). E xperim en ta l procedures and d a ta  collection techniques 
are  described in the  following sections.
3.1 The Tandem Accelerator
T he H H IR F  25 M V fo lded-tandem  accelerator provides positively-charged 
ion-beam s. T he  basic principle of operation  of th e  e lec trosta tic  accelerator is to  
in jec t in to  th e  tan d em  negatively  charged ions ( — le )  produced  in a negative ion 
source. These ions are accelerated  upw ard by the  high voltage term inal ( +  ), located  
a t th e  top , w here they  pass th rough  the  electron s trip p er and are “tu rn e d ” around 
by the  term ina l bending m agnet. A fter the  s trip p er, th e  ions are positively charged 
th ey  are accelerated  away from  th e  positively charged top  tow ards the  bo ttom . 
T he  dow nw ard acceleration is m uch g rea ter th an  th e  upw ard one, since th e  ions
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F ig u r e  3.1: Sectional view of th e  H H IR F tandem  elec trosta tic  accelerator.
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are m ultip ly  charged (e.g. 6 + to  8 + for ,60 ) .  Ions w ith a  certa in  charge s ta te  ^  
are chosen a t th e  b o tto m  and  d irected  to  the  experim en tal area. T he m axim um  
term inal voltage of the  tan d em  accelerator is 25 MV.
3.2 The UNISO R Facility
A s ta n d a rd  experim en t in spectroscopy a t th e  U N ISO R  facility  s ta rts  w ith 
th e  heavy-ion (Z > 2 ) induced  nuclear reaction. T he energy of the  heavy ion depends 
on its electric charge and , for exam ple for the  160 8+ the  energy is 2 5 + 8 x 2 5 = 2 2 5  
M eV if every th ing  works perfectly. In the  heavy-ion reaction ,
T + H I  -> C “ -> (c*xnyp)+P 
p ro jectile  (heavy ion, HI) h its  th e  ta rg e t nucleus (T ). M ost of the  tim e the  projectile  
e ither fuses w ith  th e  ta rg e t nucleus form ing a highly excited  com pound nucleus (C") 
or th e  system  undergoes fast fission. An exam ple of the  heavy-ion reaction w ith 
the  p roper tim e scale is given in ref. [62]. T he com pound nucleus releases its energy 
by evapora ting  particles ( a  partic le , x num ber of neu trons, y num ber of p ro tons) 
and th en  by em itting  gam m a rays which lead finally to  the  ground s ta te  of the  
p roduct nucleus, P. T he p ro d u ct nucleus is usually form ed as an unstab le  nucleus, 
far from  stab ility  line, which undergoes 0 -decay (or even a  decay) un til it reaches 
the  stability .
T he  p a rt of th e  U N IS O R  facility shown in F igure 3.4, consists of the  
ta rg e t and U N IS O R  ion source w ith the  lens cham ber, U N ISO R  m ass separa to r, 
collection cham ber, and  th ree  experim ental beam  lines. T he floor plan of the  
U N ISO R  facility and th e  en tire  Holifield H eavy-ion R esearch Facility can be found 
in ref. [63]. In o rder to  opera te  w ith and deliver the  p roduct nucleus to  the  
experim ental beam  line, its charge s ta te  has to  be changed, as shown in Figure 3.2, 
inside the  ion source. T he ta rg e t and carbon felt (ca tcher) are usually in one piece
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F E B IA D  ion source. Specific exam ples of nuclei are from  th e  experim ents discussed 
here.
b u t are draw n separa te ly  on the  figure to  show all th e  charges. T he ion source 
used in th e  experim en ts  described here was of the  forced e lectron  beam  induced  
a rc  d ischarge (F E B IA D ) ty p e  [64], [65], and [6 6 ]. T he basic principle of operation  
of th e  ion source, shown sim plified in  Figure 3.3, is as follows: th e  evaporation  
p ro d u cts  e m itte d  afte r form ation of th e  com pound nucleus in the  nuclear reaction  
are tra p p e d  in th e  carbon felt (ca tcher). T he originally highly positively-charged 
p ro d u ct nucleus picks up electrons while it is inside th e  ca tcher and becom es 
a  n eu tra l a tom . In the  a rea  betw een th e  cathode and th e  anode (beh ind  th e
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F ig u r e  3.3. A simplified d iagram  of th e  FE B IA D  ion source and ex trac tion  
electrode.
ta rg e t and  carbon  felt) a tom s are ionized (m ostly  singly) th rough  th e  bom bardm en t
i
(electron  shower) by th e  electrons em itted  out of th e  h ea ted  ca thode ( 1700 °C).  
T he  process of ionization is g reatly  enhanced  by the  m agnetic  field applied to  the  
ion source because th e  field increases the  bom bard ing  p a th  of the  electron  through  
th e  cyclotron effect. O nce th e  atom s are ionized (strip p ed  of an e lectron) they  are 
e x tra c te d  by the  ex trac tio n  electrode w ith  a p o ten tia l betw een 30 and  50 kV.
T he e x trac ted  ions are d irected  by an isotope sep ara to r to  one of th e  th ree  
beam  lines. T he isotope sep ara to r consists of a 90° analyzing m agnet w ith  1.5 m 
rad ius of a cu rvatu re . T he m ass of the  ions can be chosen by varying th e  field 
s tren g th  of th e  e lectrom agnet since each singly ionized atom  has a fixed energy 
equal to  the  ex trac tion  voltage (30—50 keV ). For each ru n , th e  isotope separa to r is 
ca lib ra ted  by xenon gas in jec ted  in to  the  ion source or by tan ta lu m , th e  m ateria l
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F ig u r e  3.4: Sketch of th e  m ain p a r t of th e  U N ISO R  facility.
49
of th e  ion source itself. T he analyzing m agnet can provide a beam  spot in the  focal 
p lane of the  isotope sep ara to r w ith a m ass resolution A m /m  of less th an  1/2000 
[63]. T he cen tra l beam  line is equipped w ith a JH e / ’He dilu tion refrigerato r for 
nuclear o rien tation  studies. T he left line (30°) is set up for the  laser spectroscopy, 
and  the  right one (30") is equipped  w ith  th e  dua l-po rt d e tec to r s ta tio n  and the  
ta p e  tra n sp o rt system  [67], [66 ] and  is used for conventional nuclear spectroscopy.
3.3 Source Production
T he nuclear reactions used in these experim ents were as follows: 
in th e  first experim en t,
>|F +  ^ H f  — > C ffT l)" — > 'gj'Tl +  8 n
in th e  second experim en t,
’fO  +  M H f — > ( ‘“ Hg)- — > *|;H g +  5 n .
T he positively charged p ro jectiles, I9F (>+ and 160 6+, were produced  by the  folded- 
tan d em  elec tro sta tic  accelerato r shown in F igure 3.1. T he location of th e  com pound 
nuclei 19;,T1 and  192Hg (p roduced  in the  highly excited  s ta te  denoted  by *) and  the  
nuclei in the  187 m ass chain are shown in F igure 3.5. T he ta rg e t, p ro jectile  and 
p ro jectile  energy in th e  nuclear reaction  are chosen to  p roduce d irectly  th e  best 
yield of the  desired nucleus. This nucleus, being far from  b e ta  s tab ility  line, decays 
un til it reaches a stab le  one. In bo th  cases, th e  stab le  nucleus 18'0 s  is reached after 
a num ber of e lectron  cap tu res and /3+-decays. T he decay chain and some details 
abou t the  /3+-decaying levels are shown in F igure 3.5. Beside being produced  by 
/3-decay, nuclei in the  187 m ass chain are also produced  directly  through  the  heavy- 
ion nuclear reaction  (H I,ax n y p ). Possible channels for th e  direct p roduction  are
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F ig u r e  3.5. Region of interest, on th e  N uclear C h a rt, /3-decay chain, and channels 
of d irect p roduction  up to  187P t. T he dark  line in th e  part, of the  N uclear C hart 
represen ts the  boundary  betw een the  unstab le  and stab le  nuclei.
w ritten  in F igure 3.5 for b o th  experim ents up to  the  direct p roduction  of l8 'P t .  
T he incident energy of the  19F beam  was 170 MeV and th a t  of the  ,60  was 125 
M eV. These values were chosen in order to  p roduce the  g rea test yield of 18'T1 and 
18'H g  as the  beam  passes th rough  the  ta rg e t. A schem atic d iagram  of the  targe t 
holder and a g raph  of the  cross section as a function of the  bom bard ing  energy for 
th e  first nuclear reaction are shown in F igure 3.6. T he cross section calculations 
were perform ed by th e  evaporation  code A LIC E [71]. Due to  th e  beam -energy loss 
of abou t 40M eV in traversing  the  ta rg e t, abou t 20 M ev was added to  the  calculated 
beam  energy to  achieve a m axim um  yield (by m axim izing the  cross section at the  
cen ter of th e  ta rg e t) . T he energies of th e  p ro jectile  beam  a t th e  different distances 
in to  the  ta rg e t holder are shown in F igure 3.6. T he ta rg e t holder consisted of a 
piece of carbon felt uniform ly im pregnated  w ith hafnium  carbide (H fC) and then  
hea ted  so th a t  the  HfC becam e firmly bound to  the  felt. T he  HfC was p repared  by 
heating  a m ix tu re  of hafnium  oxide (H fO ), enriched to  76 % in 1' f>Hf, w ith excess 
carbon. HfC was preferred because it is m ore stab le  th an  HfO which m ay vaporize 
inside an ion source where tem p era tu re s  can be 1700 °C  or higher. In add ition , a 
th in  tungsten  window was p u t in front of the  carbon felt ta rg e t in order to  prevent 
HfC from  diffusing out. T he heavy p roducts  of evaporation  of th e  com pound nuclei, 
form ed inside the  carbon felt, diffuse in to  the  ion source p lasm a region where they 
becom e singly ionized (F igure  3.2). These ions are th en  ex trac ted , so rted  by m ass 
num ber (187), and d irected  by the  isotope separa to r to  the  spectroscopic beam  
line.
3.4 D etector Setup
Figure 3.7 shows a sketch of the  righ t-hand  beam  line w ith th e  collection 
po in t, two counting s ta tions equipped  w ith de tec to rs , cold finger, and  the  tap e
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F ig u r e  3.6. A graph  of th e  cross section to  produce d irectly  187T1, 187Hg, and 
!8'A u  nuclei (by (H I,ax n y p ) reactions) versus energy of the  p ro jectiles I9F. T he 
energies of th e  pro jectiles a t different p a rts  of the  ta rg e t holder are ind ica ted . T he 
p roduction  of 18'A u , denoted  by th e  d o tted  line, has a2 n  peak a t lower energy 
beside the  2p 6 n peak a t th e  chosen p ro jectile  energy.
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tra n sp o rt system . T he first counting s ta tion  had  a G e(Li) 7 -ray d e tec to r and 
a  cooled Si(Li) conversion electron d e tec to r (3 m m  depletion d ep th  and 200 m m 2 
active area) placed 180° to  each o th er and perpend icu lar to  the  tape . A t the  second 
counting s ta tio n , two Ge(Li) 7 -ray detec to rs were placed in the  sam e geom etry. The 
cold finger is usually added to  any experim ent which produces m ercury  during its 
run  a t th e  position which is far from  detec to rs . It collects m ercury  evapora ted  from  
th e  m ylar tap e  and p reven ts , to  a degree, condensation of the  m ercury  on the  cold 
(L N 2 tem p e ra tu re )  Si(Li) de tec to rs. D etails abou t de tec to rs , like full w idth  a t half 
m axim um  (F W H M ), th e  position  in th e  experim ents, and energy range chosen are 
given in Table 3.1.
D uring th e  experim ents the  m ass separa ted  sam ples were deposited  onto 
th e  m ylar ta p e  a t the  collection poin t. Two processes con trib u te  to  th e  sam ple 
production : 1 ) direct p roduction  th rough  the  heavy ion reaction , 2 ) and  at the 
sam e tim e th e  produced  unstab le  nuclei undergo (3 decay (so all th e  isobars b u t 
th e  first one in the  (3 decay chain are produced  by bo th  processes). T he sam ples 
in th e  experim ents consist of d irectly  produced  m em bers of the  187 m ass chain, 
m ostly  ,8 'T1 or 18'H g  b u t in sm aller am ounts o ther isobars of th e  187 m ass chain 
w ith  lower Z value are e ither produced  directly  or form ed by /3-decay of th e  d irec tljr 
p roduced  nuclei. T he u pper p a r t  of F igure 3.6 shows the  cross section for the  direct 
p roduction  of the  187 isobars in the  first experim ent.
A t certa in  tim e in tervals the  tap e  was m oved so th a t  th e  deposited  sam ­
ples reached th e  de tec to r s ta tions. The sam e d istance betw een th e  collection point 
and  the  first de tec to r s ta tio n  and the  d istance betw een two de tec to r sta tions allows 
counting  on b o th  sta tions a t all tim es except a t th e  first move. In th a t  m anner 
fresh sam ples are always p resen ted  to  the  detec to rs. By choosing collection tim es
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F ig u r e  3.7. Sketch of th e  spectroscopy beam  line, w ith de tec to r counting sta tions, 
collection po in t, cold finger, and tap e  tra n sp o rt system .
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T a b le  3.1: List of detecto rs used in experim ents.
M odel
R elative 
eff(%) 
or area
F W H M 1
(keV)
Location
in
exp.
Energy
range
(keV )
O ther
specif.
GM X-15185 15 2.5b 7i 20-2400 O R TEC
GM X-25195-S 25 2.2b 12 20-1550 O R TEC
8101-1721 17.5 2.5f' 73 20-2470 O R TEC
20 0 0 " 200m m 2 1.9r e~ 20-1600 KeVeX
1 ... resolution m easured  from  the  to ta l singles d a ta  from 2 nd experim ent 
a  ... considerably m odified a t LSU 
b ... resolution at 1332 keV P t transition  
c ... resolution a t 657K -electron Au tran sitio n  (576 keV)
to  be around 80 % of the  half-life of the  paren t nucleus (T ] /2= 2 .4  m inutes for the  
ground s ta te , and T ] / 2 =  1.9 m inutes for th e  m etas tab le  s ta te  of 187Hg), one can 
optim ize th e  rad ia tion  from  transitions in the  daugh ter nucleus, 18'A u  in our case. 
In  th e  first experim en t, m ostly  the  ground s ta te  of 18lHg was produced  (th rough  
th e  /3-decay of 18'T1) and in a lesser am ount th e  m etastab le  s ta te  ,8 ' rnHg (th rough  
the  d irect p roduction  of the  18'H g  nuclei which was roughly 1/3 of the  direct p ro ­
duction  of 18' T l). T herefore, the  collection tim e was picked to  be 120 seconds. In 
th e  second experim en t, m ostly  the  high spin m etas tab le  s ta te  of 18'H g  was p ro­
duced so th e  collection tim e for those m easurem ents was chosen to  be 99 seconds. 
Taking in to  account the  ra te  of direct p roduction  (the  cross section for the  direct 
p roduction  is shown for th e  first experim ent in the  u pper p a rt of F igure 3.6), the
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F ig u r e  3.8. N um ber of a tom s of T l, Hg, A u, and P t on the  m ylar tap e  as a 
function  of tim e. In  the  calcu lation , d irect p roduction  of all 4 isotopes, as well as 
th e ir /3-decay is taken  into account. T he ac tiv ity  on th e  m ylar tap e  is in front of 
the  de tec to r 7 ] and th e  e lectron de tec to r during first counting tim e , and in front 
of 72 and  7 :i detecto rs during  the  second counting tim e.
life-tim es for /3-decays of th e  nuclei in the  chain, and th e  tim e of collection, one 
can calcu late  how th e  to ta l am ount of any of th e  nuclei changes w ith tim e. Such 
calcu lations, m ade for different collection tim es, show the  80 % rule. Figure 3.8 
shows th e  results of such a  calculation done for the  first experim ent where the 
collection tim e was 120 seconds. T he direct p roduction  of A =  187 isobars can be 
com puted  using the  code A LIC E. Taking the  direct p roduction  of ,8 'T1 to  be 100 
atom s per second, the  d irect p roduction  of ,8 'H g , 18'A u , and 187P t is 30.8, 1.74,
and 0.039 respectively. In th e  calculation, the  half-life of 18'T1 (43.8s) was taken 
as a com bination of 20% m etastab le  s ta te  (T ] /2=15 s), and 80% ground sta te  
(T l /2 =51 s) half-lives. This choice was m ade because of the  fact th a t  th e  d irect 
p roduction  of T1 leads to  a m etas tab le  s ta te  th a t  /3-decays 20% of th e  tim e and u n ­
dergoes an in te rn a l tran sitio n  to  the  ground s ta te  80% of the  tim e (see Figure 3.5). 
Sim ilarly, th e  half-life of 18'H g  (2.2 m in) used in the  calculation is a mix of 40% 
of th e  m etastab le  s ta te  (p roduced  directly, T ] /2= 1.9  m in), and 60% ground s ta te  
(T [ /2= 2 .4  m in), reached th ro u g h  T1 /3-decay. Half-lives used for the  o ther nuclei 
are as shown in F igure 3.5. For sim plicity, the  tim e betw een p roduction  of the  
nuclei and  the  m om ent th e  collection s ta r ts  ( th e  tim e needed to  send the  beam  
from  th e  ion source to  the  collection point on the  m ylar ta p e ) , as well as tim es 
while the  tap e  moves, are taken  to  be zero in the  calcu lation , because th ey  are less 
th a n  1 second w hat is m uch less th an  th e  half-lives included.
D uring the  collection tim e (th e  first 2 m inu tes) the  num ber of nuclei from 
the  187 m ass chain depends upon the  direct p roduction  ra te  (brought by the  beam ) 
and th e  constan t change because of the  (3-decay (th e  paren t decay increases th a t  
num ber while its own decay decreases it) . In the  o ther two tim e in tervals, during 
counting , change is caused only by the  /3-decay (no beam ). As Figure 3.8 shows, 
th e  h ighest to ta l ra te  of the  18'H g  nuclei is achieved during the  first counting tim e 
(from  th e  second to  th e  fou rth  m inu te , while the  tap e  stays a t the  first s ta tion ). 
T he sam e ra te  holds for th e  rad ia tion  from  the  18'A u  n u c le u s e s  and  conversion 
electrons) produced  after /3-decay of th e  18'H g , which is th e  sub jec t of th is study.
T here  are few com m ents abou t the  collected d a ta  which can be m ade 
solely on the  basis of the  known production  ra tes . T he high level of direct p roduc­
tion of 18'H g  during first experim en t (which m eans production  of th e  l8'H g s ta tes
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w ith high spin) will cause th e  popu lation  of high spin s ta tes  in l8 'A u , beside the 
low spin s ta tes  of 18'A u  in tended  to  be reached by the  direct p roduction  of I8 'T1. 
T he direct production  of 18'T1, which th en  undergoes /3-decay to  18'H g  and then  
to  187A u, populates m ostly  low spin s ta tes  of 18'A u . In the  sam e m anner, one can 
p red ic t th a t  th e  in ternal tran sitions  in 181T1 (33 and 300 keV ) will be seen during 
the  first counting period (in the  electron and 71 spectra) and will be m uch weaker 
during  second counting period  (in 72 and 73 spectra) of th e  first experim ent. Simi­
lar com m ent can be m ade abou t th e  rad ia tion  produced  afte r /3-decay of the  18'A u . 
As F igure 3.8 shows, th e  to ta l p roduction  ra te  of the  18'A u  nuclei has a m axim um  
during th e  second counting tim e, so the  transitions in 18'P t  will be stronger in 
spectra  collected on 72 and  7.3 detecto rs (second s ta tio n ). This is tru e  for bo th  
experim ents. All these fea tu res, which can be deduced from  th e  to ta l p roduction  
ra tes  of the  specific nuclei (show n in F igure 3.8 for th e  first experim en t), are seen 
in th e  d a ta .
3.5 D etector System s and Data Acquisition
P ho tons and electrons produced  in th e  rad ioactive decay of the  m ass 
separa ted  sam ples were detec ted  by 7 -ray and conversion electron de tec to rs , re­
spectively. T he  basic fea tu re  of the  rad ia tion  de tec to rs  is th a t  charge is created  
w ith in  th e  d e tec to r volum e by the  incom ing ionizing rad ia tion  and collected in the 
form  of an electric cu rren t. T he cu rren t collected is d irectly  p roportional to  the  
energy deposited  by th e  rad ia tion . B oth  7 -ray and electron detec to rs are p — i — n  
diodes opera ted  a t high reverse voltage which enlarges th e  depletion layer (i ) in 
the  d e tec to r volum e and increases th e  efficiency of the  charge collection.
G erm anuium  7 -ray  detec to rs can be ob tained  from  the  m anufactu rer 
ready  to  op era te  because th ey  can be m ounted  inside a cryogenic vacuum  cham ber
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w ith a fron ta l window which is essentially tra n sp a re n t to  th e  7 -rays. I t  m ust be 
opera ted  a t low tem p e ra tu re s  because of the  relatively sm all band  gap in sem i­
conductor m ateria l. In th e  case of the  d e tec to r for low energy conversion elec­
trons (50 — 1500 keV ), th e re  is no such window th a t  would hold the  pressure of 
1 a tm osphere  and  not cause, a t the  sam e tim e, serious deg radation  of electrons 
passing th rough  it. T hus E .F . Z ganjar developed a t LSU th e  techology to  con­
s tru c t conversion-electron d e tec to r system s using com m ercial Si(Li) crystals. This 
included th e  cryogenic pream plifiers and vacuum  cryosta ts th a t  were used for the 
odd-m ass Au experim ents.
D uring th e  experim en ts, d a ta  were taken  in singles (7  rays, X rays, and 
conversion electrons) and coincidence (7 7 t ,  X7 t ,  e~ 7 t ,  and e “ X t) m ode. T he col­
lection of singles d a ta  was accom plished th rough  the  use of a Tennecom p TP-5000 
d a ta -acqu isition  system . O u tp u t signals from  the  gam m a and  electron  detecto rs 
passed in to  a signal am plifier before en tering  N uclear D a ta  A nalog-to-D igital C on­
verters (A D C s). AD Cs were in terfaced  w ith a Tennecom p system .
T he second s ta tio n  (7 2 , 7 3 ) am plified o u tp u ts  are shown in the  upper p a rt 
of F igure 3.9, w here signals for Tennecom p da ta-acqu isition  system  are assigned 
by “To T N C P ” . ADCs can convert d a ta  in to  as m any as 8192 channels and can 
be controlled m anually  using th e  front of the  Tennecom p system , or th rough  the  
functions defined in th e  softw are using the  Tennecom p In te rac tive  Language (T IL ). 
O ne of the  codes used extensively by th e  U N ISO R  users in bo th  these  experim ents 
is th e  spectrum  m ultiscaling program  called X F F1. All singles d a ta  were m u lti­
scaled, th a t  is during  each counting period several sp ec tra  were stored  per each 
d e tec to r, represen ting  m ultiscaled  “p lanes” . If  th e  m ultiscaling is not used (for 
th e  use of the  m ultiscaled d a ta  see chap te r 4 section 4.2.2), th e  program  stores
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one spectrum  per counting tim e and per de tec to r. In the  first experim ent, during 
every 2 m inutes counting tim e (cycle), 5 spectra  were sto red , each after every 23 
seconds (one second was allowed betw een savings). In the  second experim ent, 3 
sp ec tra  were stored  during each cycle, each after 32 seconds. T he program  X FF1 
flip-flops the  collected 8192-channel sp ec tra  betw een m em ory slots before storing 
the  d a ta  on th e  disk and  au tom atically  advances th e  m oving tap e  a t th e  end of 
each counting period (cycle). D a ta  collected by the  Tennecom p acquisition sys­
tem  were la te r  tran sferred  to  the  H H IR F C oncurren t 3230 com puter in the  form  
of sequential sp ec tra  files ( .S P K ) to  take advantage of the  extensive d a ta  analysis 
program s on the  C oncurren t system .
Coincidence sp ec tra  were taken  betw een two detec to rs a t each sta tion . 
T he typ ica l se tup  of th e  electronics for a tw o-detecto r coincidence s ta tion  is shown 
in F igure 3.9 for the  exam ple of the  detecto rs 72 — 73 from  the  second s ta tion . 
T he pream plified signal from  each de tec to r was split and fed in to  an am plifier 
and a tim ing-filter-am plifier (T FA ). T he am plifier front o u tp u t was connected to  
th e  N uclear D a ta  ADCs of the  Tennecom p acquisition system  (as m entioned  be­
fore) while the  rear o u tp u t was fed in to  th e  C anberra  8075 AD Cs in th e  H H IR F 
ADC in terface, w here energy signals were digitized. T he o u tp u t signal of th e  TFA 
was delivered to  the  constan t-frac tion -d iscrim inato r (C F D ). A s tandard ized  o u tp u t 
pulse from  the  C FD  of one d e tec to r (73 in F igure 3.9) was used as the  s ta rtin g  sig­
nal for th e  tim e-to -am plitude-converter (T A C ), whereas th e  C FD  signal from th e  
o ther d e tec to r ( j 2) was delayed (abou t 200ns) and used as the  TAC stop  signal. 
T he TAC o u tp u t signal (TAC 72 — 7 3 ), th e  pulse height of which is proportional 
to  th e  du ra tion  of tim e defined by the  arrival tim e of th e  two C FD  signals, was fed 
in to  an AD C (8 th  position  on the  CA M A C box in F igure 3.9).
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T he electronics described up to  now produced  digitized signals for TACs 
and four energy signals, as well as four tim ing C F D -o u tp u t signals. T he next few 
steps represen t the  h ea rt of the  coincidence se tup . T he tim ing  signals were fed 
in to  the  octa l d iscrim inator (LeCroy 623B) th a t  is NIM  based (as are all LeCroy 
m odules used in  the  coincidence circu itry ). Each d iscrim inator o u tp u t, ad justed  to  
a w id th  of 200  ns, represent th e  de tec to r tim ing pulse signal used for the  coincidence 
electronics. As shown in F igure 3.9, those signals from  two 7  detecto rs (T12 and 
TVJ) were fed in to  th e  4-fold logic un it (LeCroy 365AL) set to  a coincidence level of 
2. W hen a 4-fold logic un it opera tes a t a coincidence level of 2 it works as an AND 
g ate  th a t  defines a  coincidence event only when th e  two incom ing signals overlap. 
O nce an event occurred , a signal was sent to  bo th  the  4-fold logic gate  (LeCroy 
364AL) and  the  dual gate  genera to r (LeCroy 222).
T he 4-fold logic gate  was set a t th e  coincidence level of 1, and so opera ted  
as a la tch . W hen the  event occurred , the  la tch  got opened and th e  signal passed 
to  th e  E vent H andler. T he  E vent H andler was opera ted  by the  com puter code 
which accep ted  event-by-event d a ta  and organized the  d a ta  from  th e  C anberra  
8075 AD Cs (energy signals) and AD811 fast ADCs (TACs signals) to  a buffer. T he 
buffer, w hen full, was dum ped  onto a 6250 bpi m agnetic  tap e  using the  C oncurren t 
3230 com puter system . W hen the  Event H andler finished processing, th e  la tch  got 
closed and  an o th er event could be processed.
W hen an event occurred , the  dual gate  genera to r (LeCroy 222) served as 
a ga te  and sen t a signal to  the  C anberra  8075 AD Cs and the  AD811 fast AD Cs, 
which opened them  and allowed, th rough  th e  CA M AC system , opera tion  of the  
E vent H andler code (described above).
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The coincidence acquisition system  has on-line  histograming capabili­
ties through the Comprehensive Histograming Language (CHIL) developed for the 
Concurrent system  [78]. This allowed constant monitoring of the status of the data 
throughout the experiment.
Both data acquisition system s required some modifications on the com­
puter programs prior to the experiment in order to accomplish specific tasks re­
quired by the experiment.
3.6 Energy and Efficiency Calibration
The energy and efficiency calibrations for the detectors were done by plac­
ing a standard source in the same counting geometry as the sources collected during 
the experim ent. The energy calibration as well as the check for the coincidence 
setup for the 7 -e-  pair of detectors in the first station was done using a mixed 
sources of unsealed 13'Cs and 2,11 Bi. It was unsealed so it would not attenuate the 
conversion electrons. The energy calibration and check of the coincidence setup 
for the 7 -ray detectors in the second station was done using a 6uCo source. The 
efficiency calibration of 7 detectors were performed using a National Institute for 
Standards and Technology (N IST) Standard Reference Material (SRM ) 4275 radi­
ation point source. The SRM contains a mixture of long lived nuclides ^ ’Sb,1'’*Eu, 
and 155Eu. The singles spectra of the SRM sources were collected for each 7 -ray 
detector and analyzed with the TIL program called W G NEFF2, available on the 
Tennecomp system . The program calculated the detector response for the stronger 
transitions. The efficiency was then plotted as a function of the 7 -ray energy in 
the log efficiency-log energy mode, as shown in Figure 3.10 for the 72 detector. 
As Figure 3.10 shows, the log efficiency is a linear function of the log energy for 
energies greater than 200 keV. The log-log linearity in this range was used in the
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F ig u r e  3.10. A plot of th e  Log Efficiency vs. Log E nergy for th e  25% Ge(Li) 
d e tec to r, a t a source-to -detec to r d istance of 1 cm.
calcu lation  of th e  in tensity  of the  tran sitions. T hrough th e  slope and  in te rcep t of 
th e  log-log line one can change separa te  d a ta  points in to  the  functional form . The 
values for efficiency for energy less th a n  200 keV were en tered  in th e  calcu lation  of 
th e  tran s itio n  in tensity  poin t by poin t.
T he efficiency of th e  electron  de tec to r was taken  to  be 100% for th e  range 
of electron energies used in th e  experim ents. This is based on th e  m easurem ent 
of th e  relative electron in tensities perform ed a t LSU [68 ] on th e  sam e electron 
d e tec to r using th e  in te rnal conversion lines of the  569.6, 1063.6, and  1770.2 keV 
transitions  in the  decay of 207Bi. T he resu lts are shown in Table 3.2 parallel to  
th e  m easurem ents perform ed by F u jita  et al. and A vignone et al. [69] using the  
/3-ray spectrom eter. T h e  u ncerta in ties  in  th e  LSU values were calcu lated  by
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T a b le  3.2. R elative e lectron  in tensities of in te rn a l conversion lines for the  tran s i­
tions in the  decay of 2u'B i.
R elative electron in tensities
Transition
energy
(LSU )a (F u jita )6 (Avignone)*'
569.6 keV K
1063.6 keV K 
1770.2 keV K
1000
4354(66)
13(4)
1000
4740(168)
15.9(9)
1000
4605(138)
12.6(14)
a taken  from  ref. [68 ]
b taken  from  ref. [69]
Range of electrons in Silicon
5 . 0 0
2.00 
6
\  1.00
W  0 . 5 0
0)
&0§ 0.20 
K
0.10
0 . 0 5
10.05 .01.0 2.00 . 50.2
E lec tron  energy  (MeV)
F ig u r e  3.11. T he range curve for electrons in silicon. T he d a ta  for the  plot are 
taken  from  the  ref. [70]. A 3m m  thick Si d e tec to r has a range of 0.699 g /c m 2.
th e  square  root analysis. T h e  efficiency of the  e lectron de tec to r depends upon its 
a rea  and its  th ickness. T he 3 m m  depletion d ep th  of the  LSU electron de tec to r, 
as shown in Table 3.2, is sufficient to  stop electrons up to  1600 keV energies used 
in the  experim ents. T he range of electrons in th e  silicon is shown in F igure 3.11 
which is a p lo t of th e  d a ta  taken  from  ref. [70].
M ore details ab o u t calibration sp ec tra  can be found in th e  A ppendix , 
w here several fea tu res of C om pton  scattering  and X -ray sum m ing are discussed in 
th e  exam ple of th e  coincident d a ta  for calibration  sources.
C H APTER 4
DATA ANALYSIS A N D  RESULTS
4.1 Introduction
T he fact th a t  the  187Hg nucleus has a m etastab le  s ta te  ( l8 ' mHg, 1 3 /2 + ) in 
add ition  to  th e  ground s ta te  ( ]8 ,<7Hg, 3 /2 _ ), b o th  of which /3-decay to  18'A u , was 
used to  approach  th e  levels in  th e  18'A u  from  th e  two possible lim its in th e  spin val­
ues. This was accom plished by runn ing  two separa te  reactions, ^ H f C g F ^ n ^ g J T l  
and  1{2>H f( 'g O ,5 n )18l'lHg, described  in m ore detail in th e  previous chap ter. The 
sam e d e tec to r se tup  was used in bo th  experim ents, so the  acquired  sets of d a ta  
have th e  singles for four de tec to rs  (3 gam m a and one electron) in the  m ultiscaled 
m ode, which was p roduced  by th e  Tennecom p acquisition  system , and th e  coinci­
dence d a ta  for th e  sam e de tec to rs  collected in th e  two-fold coincidence m ode ( j - e~  
and  7 -7 ) using the  acquisition  system  th a t  was run  on th e  C oncurent com puter. 
Singles and  coincidence d a ta  from  b o th  experim ents were analyzed first in order 
to  ob ta in  th e  tran sitio n  in tensities (bo th  gam m a and conversion electrons) and the  
coincidence rela tions. This step  of the  analysis led to  the  decay schem e w ith the 
spin assignm ents for one experim en t a t a tim e. T he  results of th a t  work from  bo th  
experim ents were th en  used in th e  analysis which involved the  ite ra tio n  procedure 
th a t  gave as a resu lt the  tw o separa te  decay schem es. T hese two decay schemes 
represen t th e  transitions and  th e ir in tensities as th ey  would be m easured  if the  
experim en t were to  s ta r t  only from  the  ]8,mHg or only from  th e  18,!7Hg a t th e  tim e. 
T he  details of the  analyses as well as th e  resu lts are p resen ted  in this chap ter.
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4 .2  S in g le s  D a t a  A n a ly s is
S pec tra  represen ting  each plane in a cycle, acquired  in the  m ultiscaled 
m ode (5 planes in th e  first and 3 planes in the  second experim en t) were sum m ed 
up, as well as sp ec tra  for all th e  cycles. T he to ta l spectrum  for each detecto r 
was analysed w ith  the  fitting  rou tine  (SA M PO , SA M ). F ittin g  resu lts included the  
peak  position , peak  area, and , afte r including efficiency of the  d e tec to r, the  peak 
in tensity . SA M PO  is a code w ritten  by J .T . R o u tti and  S.G. P russin  [72] for the 
analysis of G e(Li) 7  spectra . T he code was ad ap ted  to  V A X /V M S fo rtran  by R.B . 
F irestone and extensively m odified and u p d a ted  by Jacob  G ilat a t LBL (1986). 
P reference was given to  th e  SAM fitting  rou tine  because SA M PO  could only fit up 
to  8 peaks in the  in terval. T h a t constra in t, m ost of th e  tim e, p roh ib ited  a good fit 
because of th e  com plexity  of the  sp ec tra  resu lted  from  these decays.
4 .2 .1  S A M - f i t t in g  P r o g r a m  a n d  I t s  U se  T he spectra l analysis 
and  m an ipu la tion  p rogram  SAM [78] was changed from  the  original version used 
a t O R N L, by including the  calcu lation  of th e  residual, m odifying th e  o u tp u t and 
adding  the  possibility  to  p rin t th e  graphics and  resu lts from  the  screen as a separa te  
file. Two of those features are  shown in F igure 4.1 where the  u pper portion  of the 
figure shows th e  plot of th e  file, the  m iddle p a rt  shows the  o u tp u t of residual 
(D EV  in the  figure), and th e  b o tto m  is th e  p a rt of th e  detailed  o u tp u t w ith  the  
energy of the  centroid  w ritten  in keV. T he section chosen for F igure 4.1 is from  the  
spectrum  of 72 from  the  second experim ent. R esidual for the  i " ‘ ( D E V ( i )) channel 
is calculated  using the  relation: D E V ( i )  — » where D A T A ( i ) is the
ac tua l count num ber for th e  i th channel and F I T ( i ) is the  count num ber for the  
i ,h channel calcu lated  during  the  fitting  procedure.
AU87SINH.SPK 6-OCT—93 16:2301 3 1.42
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140214.
130214.
120214.
110214.
100214.
90214.
80214.
70214.
60214.
1167.1157.1147.
# X AREA 10ER FWHM ASL ASH
1 1159.7 167311 8 7.72 0 0
2 1168.5 23469 54 7.72 0 0
3 1185.1 13491 94 7.73 0 0
n\
1187. 1197. 1207. 1217.
* X AREA 10ER FWHM ASL ASH
4 1197.9 711445 2 7.74 0 0
5 1206.2 8823 147 7.75 0 0
6 1212.4 25625 57 7.75 0 0
ZCHAH OCBAR K K K V ) AAKA QAKSA »CE r w x p w r ASLZ A8LT ASBX ASBP
1 1 5 9 . 7 0 0 1 1 5 9 . 7 2 1 2 1 3 . 7 6 6 1 6 7 3 1 1 . 1 6 7 3 1 1 . 0 . 6 6 4 7 . 8 5 4 7 . 7 1 7 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 1 6 1  5 0 0 1 1 6 1 . 4 9 2 2 1 5  . 368 2 3 4 6 9  . 2 3 4 6 9  . 5 . 4 4 2 7 . 8 6 4 7 . 7 2 3 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 1 1 4 . 9 0 0 1 1 1 5 . 0 6 7 2 1 8 . 4 5 3 1 3 4 9 1  . 1 3 4 9 1  . 9 . 4 6 2 7 . 8 7 5 7 . 7 3 4 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 1 9 7 . 9 0 0 1 1 9 7 . 9 0 9 2 2 0 . 8 2 1 7 1 1 4 4 6 . 7 1 1 4 4 6  . 0 . 2 4 1 7 . 6 8 4 7 . 7 4 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 2 0 6 . 2 0 0 1 2 0 6 . 2 2 2 2 2 2 . 3 5 7 86  24  . 8 8 2 4  . 1 4 . 7 1 1 7 . 6 9 0 7 . 7 4 8 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 2 1 2 . 4 0 0 1 2 1 2 . 3 9 2 2 2 3  . 4 9 6 2 5 6 2 5 . 2 5 6 2 5 . 5 . 7 9 4 7 . 8 9 4 7 . 7 5 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
ASUM -  9 5 0 1 6 6 .  Qf r t  •  1 . 4 2
F ig u r e  4.1. T hree  p a rts  of th e  SAM code [78] o u tp u t. T he top  of the  figure shows 
th e  resu lts of the  fit in graphics form  w ith some of the  resu lted  peak p aram eters , 
for each peak .T he  m iddle p a r t  shows th e  residuals, and the  b o tto m  is a p a rt of a 
detailed  o u tp u t contain ing th e  energy of the  centro id  (E (K E V )).
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T he SAM code provides a non-linear search m ethod  for fitting  the  spec­
tra . Peak and background in tensities (areas) are  de term ined  in a w eighted linear 
least-square  fit, while peak  positions (X ), w idths (F W H M , in channels), and asym ­
m etry  pa ram ete rs  (ASL, ASH) are determ ined  by a  non-linear least-square  search 
(g rad ien t search). S pec tra  are  fitted  one section a t a  tim e, w ith  a m axim um  of 512 
channels in leng th . In  the  g rad ien t search m ode, each f itted  section m ay contain  a 
to ta l of 14 peaks for a linear type  of background, 13 for a q u ad ra tic  type  of back­
ground, and so on, keeping th e  sum  of num ber of peaks and num ber of background 
p a ram ete rs  (2 for linear, 3 for qu ad ra tic , e tc .) a constan t. T he sam e m ode can 
fit up to  16 peaks in a section if the  background poin ts (2  or m ore) are en tered  
directly. D uring th e  fit th e  background takes th e  form : y=A +B a;~ |-C ar-f C x 3 +  - • • 
w here a: is a channel num ber and A ,B ,C ,... are background p a ram ete rs . The 
w id th  can be en tered  th rough  the  pa ram ete rs  FW A , F W B , FW C  of th e  relation: 
F W H M = F W A -f F W B y ^ + F W C a :. T he general peak  shape allowed is given by:
(x-a-'o)2 __  (.r-xn)2
yi = e A’ [1+A S , . ^ }  and  yh = e s n ^ ]
w here A is th e  G aussian half-w idth  a t 1 /e  of the  m axim um  value (or 0.721 FW H M ), 
and yi and y/, describe th e  curve on th e  low and high sides, respectively. If bo th  
asym m etry  pa ram ete rs  (ASL, ASH) are kep t zero, th e  shape  is G aussian. T he 
A S L /A SH  param ete rs  b roaden  th e  low /h igh  sides of th e  peak and  th e  resu lt is an 
exponen tial fall-off (like e a - a s l  ) as one moves away from  th e  peak m axim um  
or centro id  (channel x u). D uring th e  fitting  process the  nonlinear search changes 
p a ram ete rs  (which are allowed to  be changed) un til th e  quality  of th e  fit is no 
longer im proved. T he quality  of th e  fit can be seen th rough  the  value of Q FN  (the  
num ber 1.42 in the  upper-righ t corner and a t th e  b o tto m  of F igure 4.1), w here a 
sm aller Q FN  m eans a b e tte r  fit. Q FN  has a form :
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Tr I I I - U )  + 1 \ F I T ( , ) - D A T A ( , ) } ' '
Q F N  =  — — ^ ----------
v  77/ -  1(9 +  1 -  N P K  -  7V5C
w here H I/L O  are the  f irs t/ la s t  channel of th e  section, N PK  is the  num ber of peaks 
in th e  section, and N BC is th e  num ber of background pa ram ete rs  used in the  fit. 
T he  plot of th e  residual (D E V  in the  figure) shows graphically  th e  quality  of the  
fit, which is good if th e  po in ts are  dispersed and not form ing any peak  shape. DEV 
has a form :
=  D A T A ( i )  -  F I T ( i )  
v/ D A T A { i )
T he  fitting  of a spectrum  was perform ed in th e  sim ilar m anner as th e  SA M PO  code 
requires. T he first step  was to  run  SAM w ith  free p a ram ete rs  for a few sections 
th ro u g h o u t the  sp ec tru m , including all the  peaks th a t  rep resen t a single transition  
or th e  closest to  it. This step  gave as a resu lt w id th  pa ram ete rs  and asym m etry  p a ­
ram eters. Those p a ram ete rs  were th en  used to  fit th e  en tire  spectrum . A lthough 
g reat care was taken  in th e  fitting  of the  singles spectra , m ost of the  tran sition  
in tensities had  to  be found using th e  coincidence m ethod  (explained in the  nex t 
section) because of the  m ultip le t n a tu re  of the  m ajo rity  of th e  peaks, which is be­
yond th e  capability  of the  fitting  rou tine  and th e  d e tec to r resolution. N evertheless, 
the  resu lt of the  fit for a m ultip le t was used to  check th e  to ta l sum  of th e  in tensity  
of th e  com ponents revealed by the  coincidence m ethod .
4 .2 .2  M u l t i s c a le d  D a t a  a n d  I t s  U s e  M ultiscaled d a ta , sum m ed 
one p lane a t a tim e for all of th e  cycles, were used occasionally to  trace  th e  t r a n ­
sition of a certa in  nucleus. F igure  4.2 shows a few exam ples of trac ing  a specific 
tran s itio n  th rough  all th e  m ultiscaled  planes. T he d a ta  are taken  from  th e  spec­
tru m  of 71 in th e  first experim en t, which had  five m ultiscalled planes. T he chosen
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F ig u r e  4.2. M ultiscaled d a ta  of 7 1 , for th e  187T1 —> 187Hg 
few transitions (ind icated  in th e  last panel of each case).
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F ig u r e  4.3. Decay curve for the  127 keV tran s itio n  from  18'T1 decay. Assigned 
half-life is T i /-= 4 7 ± 6  seconds.
tran s itio n , d raw n from  the  top  down in F igure 4.3 are: first, for th e  T1 nucleus the
in te rn a l tran sitio n  (300 keV ), second, a tran s itio n  in th e  T1 decay (127 keV line in 
H g), th ird , transitions in th e  Hg decay (233 and  240 keV lines in A u), and last a 
tran s itio n  in th e  A u decay (1332 keV line in P t) .  As one can see from  Table 4.3,
all th e  peaks shown in F igure 4.2 are a t least doublets, b u t the  m ajo rity  of the
peak-in tensity  is represen ted  by th e  specified tran sition . T he tim e covered by these
5 planes is the  tim e from  th e  second to  fou rth  m inu te  on F igure 3.8, representing
the  counting tim e a t the  first de tec to r s ta tion . T he change in th e  in tensity  of the
lines in F igure 4.2, a fast decrease for th e  300 keV line, a m odera te  one for the  127
keV , very slow for the  233 and  240 keV lines, and  a slow increase for th e  1332 line,
......  1 . 1 . ■ 1 1 ■
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, 1 . 1 . . . .  1 
(4 p o in t s ) _____
T1/2=48(5) s (5 points) . . . .
X  i
"V J
r
S
...
 i —
\
\
■ . . . .  i . . .  . l \  1. .  i . . . .  i . . . .  t
74
roughly agrees w ith F igure 3.8, which shows th e  change in th e  to ta l in tensity  of 
th e  rad ia tion  from  the  different nuclei, during  the  first experim ent.
W hen th e  m ultiscaled  d a ta  are used to  perform  half-life m easurem ents, 
th e  tim e  per cycle usually goes up to  10 half-lives. T h a t was not the  objective of 
these experim ents, because th e  18m'H g and 18'9Hg half-lives were known already. 
O nly th e  half-life of th e  decay of 18'9T1, spin l / 2 + , could be checked using the  
m ultiscale tim ing  of the  first experim ent. I t  was checked th rough  the  decay of 
127 keV tran s itio n , shown in F igure 4.3. T here  were 5 planes in a cycle, each 23 
seconds, w ith 1 second betw een th e  planes. A fter corrections for dead tim e and 
for con tam ination  w ith  th e  127.4 keV transition  from  th e  18'H g  decay, the  half-life 
was determ ine to  be 48(5) seconds using all planes, and  46(4) seconds using the  
last four, com pared  to  ss50s [73], and  %51s [77],
4 .2 .3  S p e c t r a  o f  7 - r a y  a n d  E le c t r o n  S in g le s  D a t a  a n d  E x a m p le s  
o f  F i t t i n g  T he sum m ed singles d a ta  are p resen ted  in F igures 4.4-4.7. F igure 4.4 
and  F igure 4.5 show th e  spectrum  of 7 ! from the  first experim ent collected on th e  7 - 
ray  d e tec to r a t th e  first s ta tio n . T he spectrum  has, beside tran sitions  in the  18'A u  
nucleus, transitions from  18' T l, 1R'H g, 18'P t ,  and even a few of the  strongest 18'I r  
tran sitions . F igure 4.6 and F igure 4.7 show th e  e lectron  spectrum  from  the  sam e 
experim ent and d e tec to r s ta tio n . E nergy values are ca lib ra ted  for th e  conversion 
e lectrons, so energies for L and  K X -rays are slightly shifted due to  th e  bias voltage 
used on the  Si(Li) de tec to rs , which affects only charged particles. T he energies 
w ritten  a t th e  top  of some peaks are given p rim arily  to  guide the  eye because m ost 
of the  peaks are m ultip le ts. T he list of the  181 Au tran sitio n  in tensities is given in 
Table 4.3, in th e  next section, where the  “C om m ents” colum n depicts o ther
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F ig u r e  4.4. F irst p a rt of th e  7 -singles spectrum  from  the  ,P7T1 -»  lp7Hg -> 1P7Au 
decay T he peak energies are in keV.
Co
un
ts
 
(x
lO
4) 
Co
un
ts
 
(x
lO
4) 
Co
un
ts
 
(x
lO
4) 
Co
un
ts
 
(x
lO
4)
76
i 8’ Tl - ^ 7A u
I.C j x i u8338
9147
1066 1138
6
5
12001000 1100900800
9.3x101266
6 14081332
14525
4
3
16001500140013001200
1674
3
1727
18642 20 3 0 2076
1
20001800 19001700
21 8 0
2 2 1 7
0.5
25 0 02300 2 4 0 022002100
E 7i (keV)
F ig u r e  4.5. Second p a rt of the  7 -singles spectrum  from  the  187T1 —> 187Hg 
18'A u  decay T he  peak  energies are in keV.
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F ig u r e  4.6. F irs t p a rt  of th e  electron-singles spectrum  from  the  18'T1 —> l87Hg —» 
181 Au decay T he peak  energies are in keV.
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F ig u r e  4.7. Second p a rt of the  electron-singles spectrum  from  th e  187T 1 —> 
18'H g  —► !8'A u  decay T he peak  energies are in keV.
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F ig u r e  4.8. A section of 7  and  conversion electron singles spectra , from  the  
187T1 ^ 187H g—>,87Au decay, fitted  using th e  SAM code.T he num bers represen t the  
centro id  energy of the  peaks. Conversion electrons are shifted by the  Au K-shell 
binding energy of 80.7 keV so th a t  th e  Au 7 -ray  and K-shell electron transitions 
are aligned. All th e  transitions in th is energy window are listed in Table 4.1.
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T a b le  4.1. List of tran sitions in the  18' T1—>18'H g  —>18'A u  decay from  the  energy 
range picked in F igure 4.8. T he lower p a rt of the  tab le  contains transitions whose 
7 -energies are  out of th e  range, b u t whose L-conversion electron energies are in the 
range. T he conversion electron energies are for th e  K electrons in the  upper p a rt 
of th e  tab le  and for the  L electrons in th e  lower p a rt.
E-, (keV) Nucleus EKe (keV) E^ (keV) Nucleus EK,  (keV) E t (keV) Nucleus E k ,  (krV)
381.7 Au 301.0 398.3 Au 317.6 413.7 P t 335.3
382.1 Au 301 .4 398.9 Pt 320.5 415.3 Hr 332.2
382.-1 Pt 304.0 400.8 Pt 322.4 415.9 Hr 332.8
382.8 Au 302.1 400.9 Ir 324.8 116.9 Pt 338.5
383.5 Mg 300.4 402.1 Au 321.4 117 A11 330
385.7 Au 305.0 402.3 Hg 319.2 417.1 Au 336.4
386.0 Hg 302.9 403.7 Hg 320.6 417.2 Pt 338.8
387.5 Au 306.8 404.6 Au 323.9 417.7 Hg 334.6
387.7 Au 307.0 405.0 Hr 321.9 419.5 Au 338.8
388.2 Au 307.5 405.9 Pt 327.5 421.5 Au 340.8
388.5 Au 307.8 407.8 Au 327.1 422.1 Hg 339.0
390.5 P t 312.1 408.7 Pt 330.3 423.2 P t 344.8
391.8 Au 311.1 408.9 Hg 325.8 423.9 Hg 340.8
392.5 Au 311.8 409.8 Au 329.1 424.1 Au 343.4
393.1 Au 312.7 4 10.6 Au 329.9 425.0 Au 344.3
395.9 Au 315.2 111.2 Hg 328.1
E-, (keV) Nucleus E l ,  (keV) E t (keV) Nucleus El, (keV) E t (kcY) Nucleus E l ,  (kcY)
311.7 Hg 300.7 334.8 Au 321.3 349.5 Au .336.0
319.2 Au 305.7 340.2 Hg 326.2 349.6 Hg .3.35.6
322.9 Au 309.4 345.8 Pt 332.7 351.7 Pt 338.6
332.9 Hg 318.9
tran sitio n s  or events (like C om pton  scattering  or sum m ing) th a t  share the  in tensity  
of th e  sam e peak.
T he two exam ples, one from  each experim en t, are chosen to  show the  
poin t m ade above, nam ely th a t  it was necessary to  use coincidence gates to  get 
tran s itio n  in tensities. T he first exam ple is taken  from  the  18'T1—» 18'H g —»187Au 
decay. I t  shows the  SAM fit of the  singles, b o th  7  and  electrons, in the  energy 
range of 380-423 kev and  298-344 keV, respectively, and  is shown in F igure 4.8. The 
num bers w ritten  over the  gam m a or e lectron peaks are the  centroids of th e  fitted
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T a b le  4.2. List of tran sitions in the  18'H g —>,8 'A u  decay from  th e  energy range 
picked in F igure 4.9. T he lower p a rt of th e  tab le  contains transitions whose 7 - 
energies are out of the  range, b u t whose L-conversion electron  energies are in the 
range. T he conversion electron  energies are for the  K electrons in  th e  upper p a rt 
of th e  tab le  and for th e  L electrons in th e  lower p a rt.
Ey (keY) Nucleus EKe (keV) E-, (keY) Nucleus Ek .  (keY) Ey (keY) Nucleus Ek - (kt-V)
590.9 Pi 512.5 619.0 A u 538.3 603.5 Au 562.8
591.0 Au 510.3 620.8 P t 502.0 606.3 A11 565.6
591.2 Au 513.5 621.8 Au 501.1 607.9 Au 567.2
595.2 Au 51-1.5 625.0 Au 500.3 608.1 A11 567.0
595.0 Pi 516.9 625.0 Au 5-1-1.7 650.9 Au 570.2
599.1 Pt 520.7 625.8 Pt 5-17.-1 651.2 Au 570.5
602.5 Pi 521.1 629.6 A u 518.9 653.2 Au 572.5
602.9 Au 522.2 632.0 Au 551.3 653.9 Au 573.2
608.0 Au 527.7 632.8 Au 552.1 656.1 Au 575.0
609.5 Pt 531.1 635.0 P t 556.6 657.3 A u 576.6
611.3 P t 532.9 638.7 Au 558.0 659.1 Au 578.0
61-1.1 Au 533.1 639.0 Au 558.7 659.2 Au 578.5
61 1.1 P t 535.7 600.0 Pt 561.6 659.0 Au 578.7
616.-1 Au 535.7 602.7 Au 562.0 661.7 Au 581.0
618.7 Au 538.0 602.8 Pi 56-1.-1 663.2 Pi 580.8
E-, (keV) Nucleus ELe (keV) Ey (keY) Nucleus ELe (keY) Ey (keY) Nucleus Ei.e (keY)
525.1 Au 511.9 56-1.8 Au 551.3 590.9 Pi 577.8
5-15.9 A u 532.-1 571.0 A u 557.9 591.0 Au 577.5
5-16.3 P t 533.2 579.3 Au 565.8 595.3 Pi 582.2
peaks. T he electron spectrum  is positioned so th a t  the  Au gam m a and conversion 
electrons, for th e  sam e tran s itio n , have th e  sam e horizontal position in the  figure. 
To achieve th a t ,  th e  conversion electron  sp ec tru m  was shifted by 80.7 keV , which 
is th e  b inding energy for Au K -electrons. As a resu lt, th e  Hg K -electron lines will 
be found to  th e  left of th e ir corresponding gam m a positions (Hg K-shell binding 
is 83.1 keV) and those in P t  will be found to  th e  right of th e ir corresponding 
g am m a positions (P t  K-shell binding is 78.4 keV). Table 4.1 lists th e  energy of 
th e  transitions and th e  nucleus they  belong to , for the  energy range chosen in 
F igure 4.8. A few stronger tran sitions , for which only values for the  L conversion
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F ig u r e  4.9. A section of 7  and  conversion electron  singles spectra , from  th e  18<Hg 
—>,87Au decay, f itted  by th e  SAM code.T he num bers represen t the  centro id  energy 
of th e  peaks. Conversion electrons are shifted  by the  Au K-shell binding energy of 
80.7 keV so th a t  th e  A u 7 -ray and  K-shell electron  transitions are aligned. All the  
tran sitio n s  in th e  section are  listed in Table 4.2.
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electrons are  in  th e  range, are  listed  in th e  lower p a rt  of th e  tab le . By exam ining 
the  list one can see th a t  th e  m ajo rity  of th e  f itted  peaks, p resen ted  in the  figure 
by a  single G aussian , are still m ultip le ts a lthough m ost of th e  original peaks were 
a lready  fitted  as such. T he A u transitions in th e  tab le  are th e  resu lt of the  analysis 
of th e  coincidence d a ta  (explained  in th e  nex t section), P t  transitions are taken  
from  [75], Ir  transitions w ith  in tensities g rea ter th an  10 un its  are taken  from  [76], 
and  Hg from  [77]. Those tran sitio n s  were checked ou t th rough  th e  coincidence 
analysis of these d a ta , as well.
T he  second exam ple, shown in F igure 4.9, is taken  from  th e  18'H g —>18' Au 
decay. I t shows th e  SAM  fit of the  singles, b o th  7  and  electrons, in the  energy 
range of 588-665 kev and  507-584 keV, respectively. T he figure is done in the  
sam e m anner as F igure 4.8. Table 4.2 lists th e  energy of the  tran sitions and the  
nucleus th ey  belong to , for th e  energy range chosen in F igure 4.9. A few stronger 
tran sitio n s , for which only values for th e  L conversion electrons are in th e  range, 
are listed  in  th e  lower p a rt of the  table.
4 .3  C o in c id e n c e  D a t a  A n a ly s is
C oincidence relationships betw een tran sitio n s , revealed during the  anal­
ysis described  in th is section, are one of th e  m ost im p o rta n t building blocks for 
th e  construction  of th e  decay schem es. T he o ther, no less im p o rta n t quan tity , the  
m u ltipo la rity  of th e  tra n s itio n , is described in Section 4.4.
4 .3 .1  B u i ld in g  M a tr ic e s  a n d  B a c k g r o u n d - s u b t r a c te d  G a te s  
T he first step  in the  coincidence d a ta  analysis is to  use the  program s CHIL and 
SCAN [78] (scanning) to  construc t tw o-dim ensional m atrices ou t of the  coincidence 
d a ta , sto red  event-by-event on a m agnetic  tap e  during the  experim ent. T he event
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is represented by six parameters, three for the first and three for the second sta­
tion. These parameters are: the two energy values for the energy signals from 
detectors connected in the coincidence mode and the third is the tim e difference 
between arrival of the two energy signals. The energy signals result in a 7 -ray or 
electron spectra, and the tim e signals, which are from a pair of detectors set up 
in coincidence mode, becom e the TAC spectrum. W hen either station gets the 
signal, the computer writes those six numbers, out of which three are zero for the 
station not busy at the tim e. The position of the centroid of the TAC spectrum  
depends on the amount of the delay added to a stop signal between the CFD (con­
stant fraction discriminator) and TAC (tim e-to-am plitude converter), as is shown 
in Figure 3.9. The width of the TAC spectrum shows the quality of the electronics 
and overall stability of the experim ent, but in the case of some delayed transitions 
in the experim ent, the TAC spectrum shows broadening on the right side of the 
m axim um . The TAC spectra from both stations and both experim ents are shown 
in Figure 4.10. The black arrows in the figure show the windows picked for each 
of the TACs during the scanning process.
The windows for the TAC spectra were chosen wider on the right side of 
the maximum (especially 7 -7 ) so that delayed coincidences would be included. The 
TAC spectrum  for the 77  coincidence measurement exhibited a FWHM of 17.4 ns 
and that for the e'y was 21.5 ns. The tim e gates were set with 97.5 ns widths for 
all TACs. A matrix produced for each coincidence pair of detectors has as its axes 
the energies of the two detector signals and a size of 4096 x 4096 channels. Only 
signals that arrive during the tim e interval defined by the values of the window on 
the TAC spectrum are actually written in the matrix, as the energy sorted numbers 
of coincidences (counts) between them . A total of 3 .3x10 ' e-7 and 4 .5x10 ' of 7 -7 ,
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F ig u r e  4.10. T he TAC sp ec tra  for y 2 ~  73 and 71 — e~ correlations. T he higher 
TA Cs in each case are  from  th e  first experim en t, while the  lower are from  the  
second. T he  arrow s show the  TAC windows selected during scanning.
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and 1 .6x10 ' of e-7 and 2 .9x10 ' of 7-7 coincidences were recorded, within the time 
gates, in the first and second experim ent, respectively.
The 3-dimensional plot of the 7-7 matrix from the second experiment is 
shown in Figure 4.11. In the figure x axis is the energy of 72 detector, y axis is the 
energy of 73 detector, and z axis represents the count number. The coincidence 
pair of transitions 233-335 keV is shown in both possible appereances: as 23372- 
33573 on the left and as 33572-23373 in the middle of the figure. The right part 
of the figure shows three more coincidence pairs: 46272-23373, 47O72-22I73, and 
47O72-24O73. The 335-233 keV pair has the highest count number of 1114. The 
counts for other coincidence pairs are drawn relative to 1114.
The second step is to project the matrix onto both axes, that is to sum all 
the counts that are saved for the specific energy on one axis and for all the energy 
values on the other axis. If i and j  represent the x and y axis respectively, and 
C{j a count number in the m atrix, one can write the count number in the x and 
y projections as c, =  ci,j and cj =  S,-™6c,.y, for detector representing the x
and y axes, respectively.
Projections are used in the third step (pulling gates), which is to choose 
the channels for the window for each transition and its appropriate background 
having equal width and taken close to the transition window. Windows chosen on 
one projection ( i ,  for exam ple) result in the spectrum of the other matrix axis (j ), 
with the counts on each channel Cj being the sum of the j  over the window’s 
channels (in the i direction). The background spectrum is subtracted from the 
transition spectrum resulting in a, so called, background-subtracted gate (for ex­
ample see figures 4.12, 4.13, etc.). The subtraction removes accidental coincidences 
and, in a special way, shows the events corresponding to the Compton scattering
87
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Figure 4.11. T he 3-dim ensional plot of th e  7 - 7  m atrix  from  th e  second experi­
m en t. T he  coincidence pa ir of transitions 233-335 keV is shown in th e  m iddle and 
th e  left p a rt  of the  figure. T he  righ t p a rt of th e  figure depicts the  462-233, 470-240, 
and  470-221 keV coincidence pairs of transitions. T he z axis represents th e  count 
num ber. All th e  count num bers are draw n relative to  th e  heightest count num ber 
1114 from  th e  335-233 keV pair.
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process for the  stronger tran sitions  (see the  203 gate  in F igure 4.12 and , for m ore 
detail, th e  A ppendix).
4 .3 .2  G u id e l in e s  fo r  t h e  P la c e m e n t  o f  a  T r a n s i t io n  in  t h e  D e c a y  
S c h e m e  T he coincidence inform ation  in these gates, 7  and  electron energies 
and  in tensities, and tran s itio n  m ultipo larities (described in m ore de ta il in next 
section) were used to  place tran sitio n s  in the  decay schem e. If  coincidence relations 
did not show otherw ise, a  few general rules were used. I t is expected  th a t  the  
s trongest 7  rays and  highly converted low-energy transitions feed ground s ta te  
or low-lying excited  s ta tes  (especially longer lived ones). For a coincidence pair 
of tran sitio n s , th e  w eaker one is norm ally placed above th e  stronger one. Strong 
tran sitions  w ithou t reliable coincidences are assigned so as to  feed the  ground s ta te  
( l / 2 + , 8.0m ) or th e  long-lived excited  s ta te  (9 /2 _ , 2.3s), according to  the  R itz 
com bination (energy difference) principle. T he difference in spins ( l / 2 + , 9 /2 “ ) of 
these two levels caused th e  difference in the  in tensity  of such a  tran sitio n  in these 
two experim ents, p roducing a reliable check as to  which one of those two levels is 
fed by a  certa in  tran sitio n , even in th e  case of no reliable coincidences (bu t proper 
X -rays). Split gates (gates p laced on the  left and  righ t halves of a peak of in te rest) 
as well as runn ing  gates (gates pulled for each channel of th e  peak , th roughou t the  
peak) were used to  resolve m ultip le ts.
4 .3 .3  A s s e s s m e n t  o f  t h e  C o m p le x i ty  C a u s e d  b y  /3 -d e c ay  a n d  
D i r e c t  P r o d u c t i o n  T he  nuclei connected by th e  /3-decay for th e  187-mass 
chain, s ta rtin g  from  187T1, and  possible channels for th e ir direct p roduction , are 
shown in F igure  3.5. T he calcu lated  to ta l ra tes  of th e  p roduction  of these 187-mass
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isobars (d irect p roduction  using A LIC E and th rough  th e  /3-decay) are shown in 
F igure 3.8.
T he d a ta  from  the  second experim en t, the  d irect p roduction  of 18'H g , are 
sim pler due to  no con tam ination  from  th e  tran sitions from  th e  187T1 and  th e  tR'H g 
nucleus (only 187P t  and som e 18'I r ) ,  so they  were analysed first. T he resu lts of 
th e  analysis of th e  second experim ent m ade the  analysis of th e  first experim ent 
m ore m anageable. In form ation  on th e  18'A u  decay [75], 18'P t  decay [76] and  ,8 'T1 
decay [77] was used, parallel to  the  inform ation  th a t  was ga th e red  from  the  gates 
pulled on th e  transitions from  e ither decays in th is d a ta . T he com plexity  of the  
d a ta , caused by th e  parallel d irect p roduction  of 18'T1, 18'H g , 18'A u , and 18'P t ,  as 
well as by th e  rela tion  betw een the  life-tim es of th e ir  /3-decays, can be expressed 
in a  som ew hat q u a n tita tiv e  way by listing  the  in tensity  of th e  strongest transitions 
from  th e  nuclei involved, com pared to  a certa in , s ta n d a rd  rela tive in tensity . T he 
in tensity  of th e  strongest tran s itio n , 349.6 keV, in  th e  181 Hg nucleus, has 45 un its 
in the  first experim ent; th e  in tensity  of the  strongest tran sitio n , 1331.9 keV , in the  
187P t  nucleus, has 65 un its  in  the  first and 34 un its in the  second experim en t; the  
in tensity  of th e  strongest tran sitio n , 106.6 keV, in th e  18'I r  nucleus, has 4 un its  in 
th e  first and  2 un its  in th e  second experim en t. In tensities  are given rela tive to  the  
in tensity  of th e  233.4 keV tran s itio n , in th e  18lAu nucleus, taken  to  be 100 un its  in 
bo th  experim ents. All in tensities are given for th e  7  d e tec to r a t th e  first s ta tion .
4 .3 .4  T h e  D is c u s s io n  o f  A n a ly s is  o n  a  F ew  I m p o r t a n t  G a te s  
Som e of th e  poin ts m ade ab o u t the  d a ta  analysis so far are p resen t in a few gates 
shown in F igures 4.12 th rough  4.15. T he top  of F igure 4.12 shows a  gate  pulled on 
the  233.4 keV tran sitio n  in 73 from  th e  second experim en t. T he displayed spectrum  
is 7 2 , because 73 and  72 are  m em bers of a  two-fold coincidence pair. T he 233.4 keV
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F ig u r e  4.12. B ackground-sub trac ted  coincidence gates on th e  233.4 keV 7  ray 
(top ) from  th e  second experim ent and the  203.4 keV 7  ray (b o tto m ) from  the  first 
experim en t. B o th  sp ec tra  rep resen t 7 2 .
tran s itio n  is th e  strongest tran sitio n  in bo th  experim ents, a lthough it represents, 
a fte r separa tion , th e  strongest tran sition  in the  18'" 'H g  decay, only. This transition  
feeds th e  h 9/ 2-f7/2 band  head  and is th e  high spin link to  some of th e  m em bers of 
th a t  s tru c tu re . T he in tensity  of the  X rays and lack of X -ray sum m ing region are 
th e  resu lt of the  X -ray filters p u t in front of b o th  7  ray detec to rs of the  second 
s ta tio n , during  the  second experim ent. T he window for the  gate  contains only weak 
P t  transitions 231.5 and  partia lly  234.9 keV, beside 233.4, so th e  con tam ination  
is hard ly  visible (see weak occurrence of th e  374.5 keV P t tran sitio n , which is in 
coincidence w ith  the  234.9 keV P t tran sition ). T he background is taken  to  the  left 
of th e  peak , which does no t contain  any listed tran sition , b u t only th e  C om pton 
edge of th e  C om pton  sca ttering  for th e  388 keV transitions around  155 keV, which 
is too  weak to  show in the  ga ted  spectrum . T he shape of th e  background line in the  
233 gate  resem bles one in  th e  whole pro jec tion  for th e  sam e d e tec to r because 233 
has m ore coincidence events th an  the  background spectrum  used for sub trac tion .
T he b o tto m  p a rt of F igure 4.12 shows th e  gate  pulled on the  203.4 keV 
tran s itio n  in 73 from  the  first experim ent. T he displayed spectrum  is 7 2 . T he  203.4 
keV is the  strongest tran sitio n  in the  18'9Hg decay, afte r separation . This transition  
feeds th e  ground s ta te  of 18,Au and is a p a rt  of th e  positive p a rity  S]/2) d 3/ 2, and 
d 5/ 2 band  s tru c tu re . T he ga ted -spec trum  shows a few C om pton scattering  events 
( th e  energy of the  backsca tte r peak stays around  200 keV up to  a few M eV of 7  
energy), am ong which th e  511 keV ann ih ila tion  line is th e  strongest. T he X-rays 
in  th e  gate  are stronger com pared  to  o ther tran sitions , and to  th e  233 keV gate , 
because th ere  were no X -ray filters in the  first experim ent.
T he  top  p a rt of F igure 4.13 shows th e  gate  pulled on the  103 keV-L (90 
keV ) conversion electrons from  the  second experim ent. T he spectrum  is 7 1 , because
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F ig u r e  4.13. B ackground-sub trac ted  coincidence gates on the  conversion electrons 
of 103 keV-L (90 keV) from  the  second experim ent (top ) and 51 keV-L (38 keV) 
from  th e  first experim ent (b o tto m ). B oth  sp ec tra  represen t 7 1 .
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e~ and 71 are m em bers of a  two-fold coincidence pair. T he 103.4 keV transition  
depopulates the  b o tto m  of th e  h 11(/2 band  while the  103.3 keV level is a low spin 
m em ber of the  hg/2-f '^ 2 b an d . T he window for the  103L gate  is taken  a t th e  right 
ha lf of th e  peak  so th a t  the  coincidences w ith th e  103.4 keV tran sitio n  show m ore 
th an  coincidences w ith  the  103.3 keV transition . N evertheless, the  window also 
contains L-conversion electrons of 103.3 keV , and in  a m uch sm aller am ount L3 
electrons of 101.0 keV, and  p a rts  of the  backsca tte red  peak from  th e  C om pton 
sca ttering  of th e  142.6 tran sition . T he background window is taken  to  th e  right of 
th e  peak  and  contains K-conversion electrons of th e  weak 172.7 keV tran s itio n  from  
th e  18'P t  nucleus. T ransitions from  th e  103.4 keV gate  are denoted  in th e  figure 
as plain num bers, while tran sitions  from  th e  103.3L gate  have the  superscrip t ”a ” . 
T he tran sitio n  233.46 appears in the  gate  because it is in coincidence w ith th e  101.0 
and  142.6 keV transitions p resen t in th e  window as 101L3 and 142.6 backsca tte r 
peak  (no t su b trac ted  enough by th e  background gate  because th e  in tensity  of the  
events drop after th e  m axim um , see A ppendix  A). A nother in teresting  poin t is a 
negative peak a t 426 keV , which tu rn s  out to  be the  426.4 keV transition  in 18'P t ,  
in  coincidence w ith  th e  172.7 keV presen t as a K -electron line in the  background. 
O ne should notice th e  difference in w id th  and  shape betw een th a t  negative peak 
and  th e  shape of th e  C om pton  sca ttering  event present in th e  203.4 keV gate  in the 
previous figure. T he choice of th e  background window prevents one from  seeing 
th e  weak 402.1 keV tran s itio n  because of the  400.8 keV from  18'P t  which is in 
coincidence w ith P t  172.7 keV.
T he b o tto m  p a rt of F igure 4.13 shows the  gate  pulled on th e  51 keV-L (38 
keV ) conversion electrons from  th e  first experim en t, and the  spectrum  is again 7 1 . 
O u t of two 18'A u  tran sitions  inside th e  window, the  stronger one, 51.2 keV , feeds
th e  h 9/ 2-f ' /2 band  head , while 50.7 keV is a m em ber of the  positive parity  S |/2, 
d;j/2, and  d 5/ 2 band  s tru c tu re . T he window for th e  51L gate  is taken  a t the  right 
ha lf of th e  peak , in an a tte m p t to  avoid counts from  th e  181 P t  51L (and  partially  
187P t 49L) tran sition . Besides these transitions, th e  window contains th e  C om pton 
edge events from  th e  C om pton  sca ttering  of th e  18'H g  127 keV tran s itio n , which 
are not su b trac ted  enough by th e  background gate . T he background window is 
tak en  to  th e  left of the  peak  and  contains counts from  th e  18'T1 30 keV in ternal 
tran s itio n , which brings th e  187T1 300 keV line as a strong  negative peak in the  
gate  spectrum . A lot of w eaker peaks, like 186, 408, 430, 547, and 582 keV have 
counts from  coincidence rela tions w ith  Au and P t tran sitions , contained  in the  
gate  window. T he 436 keV peak  contains, beside Au 436.5 keV, strong  Hg 436.9 
keV in coincidence w ith  Hg 127 keV. T he m ultip le con tribu tions in th e  in tensity  
of th e  peaks even in these ga ted  sp ec tra  show th e  reason why gates m ust be pulled 
for all possible transitions and  all possible ways (gate  on feeding and depopula ting  
tran s itio n ).
As the  final exam ple of the  m ultip le t n a tu re  of some peaks, the  271 keV 
to ta l peak is shown to  have 5 tran sitions from  th e  18'H g  decay. F igure 4.14 shows 
five different background -sub trac ted  gates from  the  first experim en t, some pulled 
on depopu la ting  tran sitio n  (476 and  103 gate), some on feeding ones (278, 1864, 
and 298 gate). Com m on to  these 5 gates is th e  tran sitio n  abou t th e  271 keV in 
coincidence w ith th e  tran s itio n  representing  the  gate  energy. T he vertical line in 
the  m iddle of th a t  peak  represen ts a centroid for the  p a rticu la r m em ber of th e  271 
m ultip le t dep ic ted  in the  gate . T here  is a clear shift in  energy of th e  centroids 
which, beside checking o ther possible coincidence relationships, is a good signal for 
th e  existence of different transitions and gives the ir p roper energies. F igure 4.15
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F ig u r e  4.14. Five different backg round -sub trac ted  gates, from  the  first experi­
m en t, showing th e  different m em bers of the  271 keV m ultip le t.
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F ig u r e  4.15. G raphical rep resen ta tion  of th e  in tensity  of the  m em bers of the  
m u ltip le t a t 271 keV. T he upper plot is for d a ta  from  the  first and lower from  the  
second experim en t. T he  peak  which represen t the  sum  of the  5 m em bers of the  
m u ltip le t is only 0.1 keV w ider th a n  the  ind iv idual com ponents.
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shows th e  resu lt of a calculation of a to ta l num ber of counts in th e  271 m ultip le t, 
using the  energies of th e  single m em bers shown in F igure  4.14, and  in tensities 
resulting  from  th e  analysis of th e  gates, relative to  100 un its  of in tensity  for 233.4 
keV tran sitio n , for bo th  p lots. T he plot on th e  top  is for the  d a ta  from  the  first 
experim ent and  th e  b o tto m  is from  the  second. T he shape of th e  single peaks were 
taken  as G aussian w ith  a  w id th  of 1.5 keV (F W H M ). T he peak , which represents 
th e  to ta l sum  of those 5 tran sitio n s  (‘su m ’ in the  figure), has a w id th  of 1.6 keV 
(F W H M ), in b o th  experim en ts, wrhich illu stra tes  the  necessity of the  coincidence 
type  of analysis.
4 .3 .5  U s e  o f  X - r a y s  in  D a t a  A n a ly s is  A som ew hat special posi­
tion  in th e  different types of coincidence gates is held by th e  gates on X -rays from 
th e  specific nucleus because th ey  can select m ost of th e  transitions from  th e  nucleus 
th ey  belong to , as is shown in F igure 4.16. T he th ree  backg round -sub trac ted  coin­
cidence gates are taken  from  th e  d a ta  of the  first experim en t. T he top  spectrum  is 
a g a te  on K-a^ p latinum  X -rays, the  m iddle one is a ga te  on th e  K-cti gold X-rays 
and , because of th e  sam e energy, on th e  K -a 2 X -rays from  m ercury. T he bo ttom  
spectrum  is a ga te  on th e  K-c*] X -rays from  m ercury. As th e  figure shows, there  
is a clear difference betw een those th ree  spectra , especially for s tronger transitions 
from  these th ree  different nuclei. T he search for relations betw een w eaker tran s i­
tions, and , of course, tran sitio n  in tensities, requires a  long, p a tie n t, g a te  pulling 
procedure.
In  th e  coincidence gates X -rays can be also used as a signatu re  for a 
specific nucleus. In  F igure 4.17, the  u pper th ree  p lots show X -rays from  18'H g 
(from  th e  gate  on th e  127 keV K -conversion electrons, showing spectrum  of 7 1 ),
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F ig u r e  4.16. B ackground-sub trac ted  coincidence gates on X -rays from  187P t, 
187A u, and  187Hg nuclei, from  th e  first experim ent.
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F ig u r e  4.17. T hree background-sub tracted  coincidence gates ( to p ) showing X- 
rays from  ,8 'H g , 18lAu, and 18'P t  nuclei. T he lower po rtion  shows X -rays and the 
ann ih ila tion  peak  in the  2179 keV gate , used in calculation of Q -value for electron 
cap tu re .
X -rays from  ,8'A u  (from  th e  7 -7  gate  a t 233 keV ), and ones from  187P t (from  the  
7 -7  g a te  a t 1332 keV ), as peaks w ith well defined energies.
T he b o ttom  p a rt of F igure 4.17 shows the  7 - 7  g a te  on th e  2179 keV 
tran s itio n  th a t  was used in th e  rough estim ate  of a Q-value for an e lectron cap tu re  
process for the K -electron shell, E C (K ). T he first step  in th is calculation is to  find 
th e  ra tio  of electron cap tu re  (E C ) processes and /3+-decays from  th e  d a ta . This is 
done using the  areas of K -vacancies (K X -rays) and the  ann ih ila tion  peak from  the  
gate  on the  tran sition , which is not produced  by 7 -decay, only th rough  /3-decay,
and  which does not feed o th er transitions strongly. In such a case one can assum e 
th a t  K-vacancies com e from  th e  K -electron c ap tu re  and th e  ann ih ila tion  peak  from  
/?+-decay. T he 2179 keV tran sitio n  is the  closest to  these conditions. It does not 
show feeding coincidence tran sitions  and decays to  th e  long-lived (2.3 s) level a t 
120 keV. T he p rom p t coincidence set-up  strongly  reduces the  num ber of possible 
K -vacancies from  th e  in te rn a l conversion electrons of th e  101 keV tran sitio n  th a t  
depopula tes the  120 keV level. Using 1) =0.964 for th e  fluorescence yield for Au,
2) th e  fact th a t  th e  to ta l num ber of K-vacancies can be found from  th e  in tensity  
of K Q1, em ploying th e  X -ray in tensity  ra tio  from  th e  Table of Iso topes, 3) th e  fact 
th a t  every /3+-decay p roduces 2 ann ih ila tion  pho tons, and  4) th e  efficiencies for the  
d e tec to r a t th e  X -ray energies and  a t 511 keV, one gets the  value of 7.5(10) for the  
e lectron  cap tu re  to  positron  decay ratio . T he Q -value for the  e lectron  c ap tu re  from  
th a t  ra tio  can be found using A ppendix  21 from  th e  Table of Isotopes [79]. From  
th e  figure (which shows th e  K -cap tu re  to  positron  ra tio  E C (K )//3 + for different 
Z values and  as a function  of th e  /3+ endpoin t energy in M eV ), the  (3+ endpoin t 
energy for the  calcu lated  ra tio  of 7.5(10) is 1.80 M eV. This gives 2.82 M eV for 
th e  e lectron  cap tu re  for th e  level a t 2300 keV, from  which th e  2179 keV transition  
decays. To find th e  energy available for the  e lectron  cap tu re  to  th e  ground s ta te  
of 18'A u  one needs to  add  th e  level energy of 2.3 M eV. T his gives 5(1) M eV as a 
Q -value for th e  EC to  th e  ground s ta te . T he value of 5(1) agrees w ith  th e  value 
of W apstra , 4.74 M eV, ob tained  from  the  value of 3720(250) keV for th e  available 
j3+ decay energy [80].
4.3.6 Transitions in 187Au and their Coincidence Relations
T he tran sitions  assigned to  th e  (3+/ E C  decay of levels in 18'H g  to  levels of 18'A u , 
and  th e ir  coincidence rela tionsh ips, are given in Table 4.3. Table 4.4 has weak
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Table 4.3: Coincidence relations for the decay of ,8"n’0Hg
E-^  Coincident transitions I t- \ j  E, E j  Com m ents
(keV) (k e \’) (k c \’) (keV)
19.5 3 /2  + 1/2 + 19.5 0.0
36.9 5 /2  + 3 /2  + 240.3 203.4 1-
50.7 220.8 240.3 271.5 299.6 5 /2  + 5/2  + 291.0 240.3 1 - P tl9 .0
30-1.5 395.9 476.3
51.2 103.3 153.7 181.4 256.4 5 /2 - 9 /2 “ 171.8 120.5 3-m Pt 51.2
270.9 271.1 276.6 278.7
284.5 298.4 298.6 326.2
374.2 385.8 426.1 429.6
457.8 659.4 678.9 700.3
813.3 1179.0 1196.6 1315.4
1667.8 1726.6 1744.3
90.5 17/2 + 1471.2 1380.8 3-rn Hr90.2
101.0 9 /2 - 3 /2  + 120.5 19.5 2.3
103.3 51.2 142.7 153.3 181.4 1 /2 - 5 /2 - 275.0 171.8 3-8 118102.4
270.9 276.6 326.2 457.8
700.3 1196.9 1421.5 1667.8
1726.6 1744.3
103.-1 131.8 252.5 305.8 363.3 1 1 /2 - 9 /2 “ 223.9 120.5 2-
448.3 449.2 493.2 513.6
524.5 525.4 657.3 747.5
840.5 963.2 1056.1 1066.6
1181.4 1399.6 1583.8 1681.5
1702.3 1999.4 2013.9 2029.3
2076.6
117.5 153.7 205.4 9 /2 “ 7 /2 - 443.3 325.9 3-m Pt 11 7 ,Pt 494-67
122.0 425.0 499.4 1 3 /2 “ 1 1 /2 “ 742.1 619.8 3-ni Ir 122.2
127.1 90.5 233.4 334.8 564.8 15/2 — 1 7 /2 - 816.0 688.7 3-rn H gl27,255C.s
129.7 486.4 503.6 212.7 7 /2  + 5/2+ 633.7 503.8 1- 65+65
130.-1 153.7 205.4 276.6 5 /2 - 7 /2 - 456.2 325.9 3-g 65+65
131.8 305.8 525.4 1372.3 1419.6 1 1 /2 “ 1 3 /2 - 881.2 749.3 2-m
133.7 220.8 240.3 382.1 393.4 9 /2  + 7/2+ 767.0 63.3.7 1 - IT ) 67+67
614.1 653.9 1255
135.4 148.8 240.3 289.5 638.9 7 /2  + 7/2+ 1015.0 880.4 1 - n i Hgl .35,271 C.s
67+69
138.5 133.7 476.0 646.3 653.9 7 /2  + 7/2+ 633.7 495.6 1- P t 138.1,69+69
140.7 1362.6 13 /2“ 1 5 /2 “ 956.7 816.0 3-in P tl4 0 .3 ,H g lll
69+71
142.6 233.4 319.2 349.5 446.5 11/2 — 13/2 — 496.8 353.9 3-in 11871+71
625.0 860.7 1214.6 1740.9
1803.6
142.7 130.4 678.9 7 /2 - 5 /2 - 597.8 456.2 3-g 67+76,65 +  78
148.3 416.9 544.0 932.7 988.4 17/2 + 1 9 /2 - 1380.8 1232.7 3-m
148.8 135.4 192.6 220.8 240.3 11/2 + 7 /2  + 1164.6 1015.0 1-in
271.5 289.5 299.6 350.0
381.7 424.1 476.0 520.1
571.4 1135.5
153.3 103.3 170.4 326.2 1667.8 3 /2 “ 1 /2 “ 428.2 275.0 3-8
1726.6
153.7 130.4 272.1 276.6 294.5 7 /2 - 5 /2 - 325.9 171.8 3- 103+51,101 +  5'
371.3 407.8 429.6 503 P t7  1.5 +  78
551.8 586.7 659.4 678.9 76+78
1315.4 1957.3
154.0 129.7 331.9 393.4 11/2+ 7/2 + 1121.3 965.6 1-iri
( t a b l e  c o n ’d . )
1 0 2
Table 4.3: continued
E-> Coincident transitions If 1/ E, E j  Com m ents
(keV) (keV‘) (keV) (krY)
380.6
1 70.1 256.3 278.7 7 /2 " 3 /2 ” 597.8 328.2 8-8 1034-67,101-1-69
171.7 153.7 205.3 235.1 319.2 1 1 /2 - 7 /2 - 396.8 325.9 3-m 1034-69
556 625.0 650.9
176.5 322.9 1 1 /2 - 9 /2 - 619.8 333.3 3-rn 3990.S
181.0 257.3 329.9 372.8 13/2 + 11/2 + 1139.5 968.3 l-m
181.-I 103.3 5 /2 - 1 /2 - 356.2 275.0 3-g 1034-78,P1181
183.7 50.7 292.2 669.1 3 /2  + 3 /2  + 203.3 19.5 1- I’l l  83.2
1135.5
185.7 271.5 1332.6 7 /2 - 5 /2  + 376.3 291.0 2- P tl8 5 ,P ( 186
192.3 138.8 255.2 376.0 5 /2  + 7 /2  + 687.0 395.6 1-
192.6 138.8 183.2 203.3 220.8 7 /2  + 5 /2  + 880.3 687.0 1-g
230.3 395.9 436.9 483.7
667.8 686.7
196.0 265.8 1 5 /2 “ 11/2 — 816.0 619.8 3-m
196.9 372.8 376.0 11/2 + 11 /2  + 1163.6 968.3 1-rn 1274-71
203.3 36.9 138.5 138.8 183.7 3 /2+ 1/2 + 203.3 0.0 1- P120I.5
185.7 196.9 212.7 236.3
237.6 255.2 257.3 271.6
292.2 300.3 331.9 350
355.3 381.7 387.7 391.9
393.3 310.6 319.5 329.9
335.5 338.8 336.9 470.3
372.8 376.3 383.7 393.6
526.7 537.3 569.5 582.3
593.2 618.7 625.3 636.3
653.2 659.1 669.1 (709.9
785.3 791.0 1538.5 1639.5
1639 1713.7 1900.0 1923.5
1939.5 1951.7 1969.3 2039.5
2131.5 2132.7 2199.9 2227.9
2301. 2321.1
205.1 1 17.5 130.3 171.7 272.1 7 /2 - 9 /2 - 325.9 120.5 .3- 1014-103
278.7 293.5 298.3 305.3 Hg206.7
319.2 371.3 407.8 329.6 Pi 206.3
551.8 659.3 1315.4 1857.8
1957.3 1969.3
207.8 339.2 11/2 — 1 S /2 - 881.2 673.3 2-in
208.3 270.9 373.2 3 /2 " 1 /2 - 753.5 535.9 3-g Pt208
215.3 310.6 376.0 569.5 9 /2  + 7/2  + 710.7 395.6 l-m Hg215,370C.s
220.8 50.7 133.7 148.8 183.7 5/2  + 3/2+ 230.3 19.5 1- Aul 534-67
192. 236.3 247.6 255.2
257.3 303.5 331.9 332.6
350 355.3 393.4 398.3
310.6 330.2 438.8 336.9
355.3 370.3 472.8 376.3
380.6 386.3 526.7 537.3
569.5 582.3 5887 593.2
625.3 636.3 653.2 659.1
669.1 693.8 709.9 710.3
785.3 813.8 1283.6 1913.9
2012.5
233.3 127.3 132.6 265.8 283.8 1 3 /2 - 9 /2 - 353.9 120.5 3-in 161.54-71
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Table 4.3: continued
E-,
(kcY)
Coincident transitions 
(keV)
I; 1/ E,
(keV)
E ,
(keV)
C om m ents
292.1 305.4 319.2 334.8
349.5 373.6 388.2 417.1
425.0 446.5 459.4 462.1
470.2 475.4 527.8 564.8
578.8 602.9 608.4 625.0
632.0 639.4 650.9 679.7
768.0 773.3 795.0 805.5
848.1 860.7 871.9 895.8
913.5 932.7 962.9 988.4
1004.2 1014.2 1044.1 1051.4
1110.6 1214.6 1236.6 1283.8
1315.4 1357.2 1362.6 1461.1
1468 1503.6 1579.5 1630.9
1676.1 1680.8 1701.2 1707.6
1728.3 1740.9 1803.6 1883.5
1894.4 1914.2 1952.4 1974.3
1989.1 1997.0 2047.3 2197.3
2253.0 2334.6 2395.5 2414.4
2474.2
236.3 220.8 240.3 363.3 579.3 7 /2 - 5 /2  + 476.4 240.3 2- P t235 .8,1*1237
751.9 Hg234.7
240.3 50.7 133.7 148.8 192. 5 /2  + 1/2 + 240.3 0.0 1- Hg240.8
196.9 24 7.6 255.2 257.4 Pt 164.9+76
263.8 271.6 299.6 327
342.6 350 393.4 398.3
410.6 430.2 438.9 446.9
455.3 470.3 472.8 480.6
486.4 49-1.6 526.7 537.3
569.5 582.4 594.2 625.4
646.3 659.1 669.1 709.9
814.8 880.3 996.1 1020.3
111 7.0 1135.5 1284.6 1914.9
2012.5
2-15.1 376.3 417.1 1 3 /2 ” 1 1 /2 “ 7-12.1 496.8 3-in
247.6 220.8 2-10.3 271.5 395.9 5 /2  + 5 /2  + 934.5 687.0 l-m Pt247
446.9 476.0 483.7 667.8 P t 181 +67
252.5 103.4 305.8 363.3 388.5 7 /2 - 1 1 /2 - 476.4 223.9 2- Pt(252,250,251)
579.3 751.9 1442.6 1518.6 Hg(250,252)
1702.3 P1185+67
183+69
255.2 36.9 138.5 142.8 154 7/2  + 5 /2  + 495.6 240.3 1 - P t 186+67
196.9 203.4 215.3 220.8
240.3 271.6 430.2 438.9
472.8 625.4 653.2 669.1
709.9 785.3 1095.1 1135.5
256.1 51.2 326.2 1667.8 1726.6 3 /2 “ 5 /2 “ 428.2 171.8 3-g 186+69
1744.3 Pt256.5
257.4 196.9 220.8 240.3 430.2 11/2 + 9 /2  + 968.3 710.7 1-in Hg257
470.3 1317 P t 190+67
259.2 90.5 233.4 376.3 499.4 17/2 + 13/2+ 1380.8 1121.8 3-in Hg259.3
501.9 625.0 768.0 988.4 192 +  67
1009.1
263.8 220.8 2-10.3 275.4 5 /2  + 5/2  + 503.8 240.3 1-R 1*1262.7
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Table 4.3: continued
E-) Coincident transitions 1; h E, Ey Com m ents
(keV) (keV) (keV) (kcY)
265.9 122.0 233.3 501.9 629.7 1 1 /2 - 1 3 /2 - 619.8 353.9 3-rn Hg266
PH 90+76
27U.9 103.3
1522.9
1608.1
330.9
1539.6
1736.8
735.2
1556.2
1230.0
1575.1
1 /2 - 1 /2 “ 535.9 275.0 3-8 P1270.8
271.2 298.6
873.6
385.8
913.5
387.7
1626.7
683.5
1857.2
9 /2 - 5 /2 - 333.3 171.8 3-rn
271.5 138.8
395.9 
653.2
299.6
319.5
913.
332.6
376.3
1863.7
337.9
633.5
1882.3
5 /2  + 3 /2  + 291.0 19.5 1- 2203-51,2093-67
271.6 255.2 382.1 376.0 9 /2  + 7/2 + 767.0 995.6 1 -in
272.1 153.7
678.9
205.3 278.7 586.7 7 /2 “ 7 /2 “ 597.8 325.9 3- 2033-69.2053-07
275.1 300.3 383.3 503.6 5 /2  + 778.6 503.8 1-g 2053-69
276.6 103.3
1121.5
153.7
1566
256.3 283.5 5 /2 - 5 /2 “ 732.5 956.2 3-e Pt.209+67 
H g276.1
278.7 272.1 326.1 378.0 5 /2 - 7 /2 “ 876.8 597.8 3-g Pt279.Pt281
283.7 233.3
501.9
305.3
625.0
376.3
768.0
399.3
913.5
13/2+ 13/2 + 1305.5 1121.8 3-rn Ir282.9.2053-78
283.2 192.6 289.5 1135.5 11/2+ 1/2 + 1163.6 880.9 l-m Ir289.9
281.5 132.7
1728.5
276.6 298.3 321.5 5 /2 - 5 /2 " 356.2 171.8 3-g Pl289.5,Hg289
289.3 135.3
591.0
271.5
1366.1
283.2 571.3 7/2 + 3 /2  + 880.3 590.9 l-m P1288.2,2213-69
291. U 299.6
785.3
312.6 382.1 376.3 5 /2  + 1/2 + 291.0 0.0 1-
292.1 259.3
336.5
709.2
283.7
375.3
332.3
503
385.8
515.9
13/2 + 1 1 /2 - 1121.8 829.3 3- in
292.2 192.3
625.3
203.3
653.2
271.6
709.9
372.8
785.3
7 /2  + 3 /2  + 395.6 203.9 1-
293.5 153.7
1626.7
205.3 373.6 629.7 H / 2 - 7 /2 - 619.8 325.9 3-rn P t299.9
298.3 130.3 
336.1
205.3 283.5 335.7 3 /2 - 5 /2 - 753.5 356.2 3-g
298.61 71
317.1
117.5
325.0
271.2 322.9 13/2 — 9 /2 " 732.1 993.3 3-rn 220.83-78
299.6 271.5 289.5 333.6 323.1 3 /2  + 5/2+ 590.9 291.0 1 - 11299.9,2333-67
30U.3 203.3 5 /2  + 3 /2+ 503.8 203.3 1-g 233.9+67
309.5 50.7 220.8 271.5 3 /2  + 5 /2  + 595.3 291.0 1-g P t237+67, lr305
305.3 233.3
376.3
283.7
362.1
319.2 339.5 13/2 + 1 5 /2 “ 1121.8 816.0 3-rn 233.9 +  71
236+69
305.8 103.3
657.3
131.8 303.6 525.3 1 3 /2 “ 1 1 /2 “ 1187.0 881.2 2-m P1306.8.235+71
319.2 130.7 
305.3 
532.0
932.7
1 12.6
331.8
563.8 
963
205.3
376.3 
578.8
1009.3
233.3 
316.9
583.3 
1581.8
15 /2“ 1 1 /2 “ 816.0 996.8 3-in 231+78,291+80 
Pl.251 +67 
P1252+67 
Hg.321
322.9 298.6 
501.9
805.7
385.8
513
873.6
317.1
683.5
913.5
325.0
712.7
1857.2
9 /2 “ 9 /2 " 933.3 120.5 3-in 252+69,252 + 71 
255+67
326.2 153.3 256.3 336.1 3 /2 " 3 /2 - 753.5 328.2 3-g llg257+69
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Table 4.3: continued
P-,
(keV)
Coincident transitions 
(keV)
I, 1/ IW 
(keV)
E ;
(keV)
Com ments
327.0 230.3 382.8 376.0 5/2+ 7/2 + 822.7 395.6 1- 183 +  133
P1260+67
328.1 395.9 336.9 383.7 5 /2  + 1015.0 687.0 1-in
330.9 103.3 270.9 373.2 535.9 5 /2 - 1 /2 - 876.8 535.9 :'-g Hg330.8
331.8 132.6 233.4 319.2 376.3 1 3 /2 “ 1 5 /2 “ 1137.8 816.0 3-m
362.1
331.9 220.8 230.3 393.3 613.1 7/2+ 7/2 + 965.6 633.7 l-m
1325.5
332.3 132.6 233.3 292.1 376.3 1 1 /2 - 1 1 /2 “ 829.3 396.8 3-rn ilg332.9
1803
331.8 127.3 233.3 305.3 370.2 1 7 /2 - 1 3 /2 - 688.7 353.9 3-m 233+101
378.1 533.0 563.8 679.7 266 +  69
692.1 781.5 1361.1 1579.5 I>t333.1
1701.2 1707.6 Hg335.1
335.7 298.3 735.2 5 /2 - 9 /2 - 356.2 120.5 3-g 205+130
llg266+71
336.7 2.3.3.3 336.6 399.3 1362.6 1 3 /2 - 1 1 /2 - 956.7 619.8 3-rn Hg257+80
312.6 203.3 271.5 381.7 7/2 + 5/2+ 633.7 291.0 1 -
313.6 271.5 571.3 591.0 350 5/2 + 3 /2  + 933.5 590.9 1 -in 276.6+69
337.9 291.0 5/2 + 5/2  + 638.9 291.0 1-R 279+69
339.17 142.6 163 233.7 292.1 13/2 + 1371.2 1121.8 3-in Ilg339.6
305.3 376.3 362.1 399.3 283+67
501.9 625.0 768.0 838.1
871.9
350. 220.8 230.3 333.6 3/2+ 5/2  + 590.9 230.3 1 -
351.9 272.1 366.5 326.1 378.0 7 /2 - 950.5 597.8 3-m P t3 5 1.7.283 +  6!
1350.0
355.3 220.8 230.3 3 /2  + 5/2  + 595.3 230.3 1-g P t355 ,1-0288+6
360.3 196 336.7 376.3 399.3 9 /2  + 13/2 + 1317.1 956.7 3-m H g.36l 1
836.2 920.7 10293+67
363.3 103.3 185.7 236.5 230.3 9 /2 - 7 /2 " 830.3 376.3 2-m 293.5+69
252.5 271.5 388.5
363. 331.8 373.6 399.3 639.3 1 3 /2 “ 1 5 /2 “ 1357.5 993.3 3-rn
366.5 351.9 326.1 829.9 920.7 9 /2 “ 1317.1 950.5 3-in 298.6+69p
371.3 153.7 205.3 329.6 9 /2 - 1126.5 755.3 3-rn P t369 ,300+69
299.9 +  71
373.6 233.3 265.8 363 387.5 1 5 /2 - 1 1 /2 - 993.3 619.8 3-m P1373.5
399.3 123 3.7 1253.5
373.2 51.2 159.8 330.9 302.1 1 /2 - 5 /2 - 535.9 171.8 3-g Hg373.6
735.2 1230.0 1522.9 1539.6 305+69
1556.2 1575.1 1608.1 1736.8 103+271
376.3 235.1 259.3 283.7 292.1 1 1 /2“ 9 /2 “ 396.8 120.5 3-m 10375.1
319.2 332.3 339.5 317.1 233.4+132.6
336.5 359.7 370.2 388
550.8 563.8 625.0 650.9
659.2 661.3 753.1 780
829.3 838.1 860.7 908.5
913.5 932.7 1213.6 1293.7
1315.1 1362.6 1730.9 1803.6
1853.8
381.7 138.8 220.8 230.3 393.3 7/2+ 7/2 + 1015.0 633.7 1-rn 10312.1+67
329.9 613.1
382.1 133.7 220.8 230.3 271.6 13/2 + 9/2+ 1139.5 767.0 l-m
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Table 4.3: continued
E-, C o i n c i d e n t  t r a n s i t i o n s  I, I j  E ,  E j  C o m m e n t s
(k e V )  (k e V )  (k e Y )  (k c Y )
476.0 476.3 526.7 1117.0
382.8 327 582.4 618.7 1095.1 9 /2  +
385.8 117.5 271.2 292.1 322.9 1 1 / 2 “
387.5 639.4 988.4 1009.4 17/2 +
387.7 203.4 343.6 424.1 3 /2  +
388.2 233.4 417.1 425.0 5077 13/2 —
388.5 103.4 252.5 363.3 616.4 9 /2 “
391.9 203.4 565.9 3 /2  +
392.5 448.3 524.5
393.1 133.7 203.4 2 2 0 . 8 240.3 7/2 +
331.9 381.7 486.4 610.3
653.9 786.1 880.3 1284.6
395.9 271.5 5 /2  +
398.3 2 2 0 . 8 240.3 1516.8 5 /2  +
402.1 103 271 374
404.6 252.5 305.8 1 1 / 2 -
407.8 153.7 205.4 1421.5 1452.2 5 /2 -
410.6 183.7 203.4 2 2 0 . 8 240.3 1 1 / 2  +
419.5 470.3 480.6
416.9 196 233.4 319.2 376.3 1 9 /2 “
462.1 499.4
417.1 233.4 245.1 271.2 298.6 1 7 /2 -
322.9 376.3 388.2 621.8
419.5 271.5 291.0 410.6 438 8 9 /2  +
710.3
421.5 130.4 181.4 284.5 5 /2 -
424.1 148.8 299.6 571.4 591.0 7/2 +
1135.5
425.0 1 2 2 . 0 142.6 233.4 245.1 1 7 /2 -
271.2 298.6 322.9 388.2
499.4 621.8
426.1 278.7 351.9 586.7 678.9 7 /2 -
1023.7 1350.0
429.6 153.7 205.4 9 /2 -
429.9 183.7 203.4 381.7 486.4 7/2 +
646.3
430.2 203.4 2 2 0 . 8 240.3 255.2 15/2 +
257.3 292.2 419.5 470.3
472.8 476.0
435.5 183.7 203.4 1407.6 1516.8 5 /2  +
436.5 233.4 336.7 459.4 499.4 1 3 /2 “
602.9 836.2
437.9 525.4 1 3 /2 -
438.8 203.4 2 2 0 . 8 240.3 455.3 13/2 +
470.3 996.1 1117.0 1169.3
1196.1
438.9 2 2 0 . 8 240.3 255.2 476.0 5 /2  +
446.5 142.6 233.4 376.3 499.4
501.9 625.0
446.9 192.6 2 2 0 . 8 240.3 247.6 5 /2  +
433.4
5 /2  + 1205.5 822.7 l-m Pl.382.4,Hi?384
9 /2 “ 829.3 443.3 3-m Hg386.315 +  71
1 5 /2 “ 1380.8 993.3 3-m
3 /2  + 590.9 203.4 1 - 316 +  71
13/2 — 742.1 353.9 3-m 319+69
9 /2 " 1228.8 840.3 2 -m
3 /2  + 595.3 203.4 l-R 323+67,P1390.5
1 1 / 2 - 1590.2 1197.6 2 -rn Hr.320.7+71
5 /2  + 633.7 240.3 1- 323+69
32G+67
5 /2  + 687.0 291.0 1 - 327+69
5 /2  + 638.9 240.3 1 -g Pt 398.9 
255 +  143
1 / 2 - 948.0 545.9 3-g 332+ 69,Pt-100.8 
Hr I02.3
7 /2 - 881.2 476.4 2 -rn 335+69. Hg-IOI
7 /2 - 732.5 325.9 3-g Pt408.7,IIg409
9 /2  + 1 121.3 710.7 1 -rn H g l l l , 340+71
1 5 /2 - 1232.7 816.0 3-m Pt 4 16.9
1 3 /2 " 1 158.9 742.1 3-m H r ! 1 7.7,Pt 41 7 
349+69
5 /2  + 710.7 291.0 1 -m H r.349+71 
Pt 351+67
5 /2 - 876.8 456.2 3 g 351.9+69
3 /2  + 1015.0 590.9 l-m Hg423.9,Pt .423
13/2 — 1167.1 742.1 3-m 153.7 +  271
5 /2 - 597.8 171.8 3- 1 53+272, Pt42d 
Hr355 +  71
7 /2 - 755.4 325.9 3-m Hr I29,358+71
3 /2  + 633.7 203.4 )- Pt429.4
1 1 / 2  + 1399.0 968.3 1 -in
3 /2  + 638.9 203.4 1 -B Pt 435.8
1 3 /2" 1393.3 956.7 3-tn Hr-137
Pt370+ 67
13/2 — 1187.0 749.3 2 -m
9 /2  + 1149.5 710.7 l-m 370+69
257+181
7/2  + 934.5 495.6 l-m
13/2 + 1568.3 1 1 2 1 . 8 3-m Pt379.9+67
5 /2  + 687.0 240.3 1-
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Table 4.3: continued
L-y C<^incident transitions I , 1 / E ,' 1 / Com ments
(keV) (keV) (keV) (keV)
448.3 103.4 525.4 1 1 /2 “ 1 3 /2 “ 1197.6 749.3 2-m
449.2 103.4
524.5
747.5 
1257.0 
1606.6
305.8
642.7
1134.0
1321.1 
1627.0
502.9
732.1
1142.5
1532.8
1669.7
512.5
745.1
1146.6
1588.6 
1715.9
1 5 /2 - 1 1 /2 “ 673.4 223.9 2-m P(449,Pl450)
455.3 203.4
382.1
220.8
438.8
240.3
470.3
271.6 17/2 + 13/2 + 1604.8 1149.5 1-m Pt453.4,P l450
457.8 103.3 1421.5 1452.2 5 /2 “ 1 /2 “ 732.5 275.0 0-R Hr457.4,388+09 
Pi 390+67
459.4 142.6
1332.5
233.4
1362.6
376.3 436.6 1 3 /2 - 11 /2 - 956.7 496.8 3-m PI391+67
Hr460
462.1 233.4 
416.9
584.4 
1430.3
305.4
542.0
676?
1503.6
331.8
564.8 
932.7
1581.8
349.4
578.8
963
1 5 /2 - 1 3 /2 “ 816.0 353.9 3-m 393+69
467.7 233.4 376.3 625.0 647.9 13/2 + 1590.5 1 121.8 3-m Pi 468,Pi 401 +67
470.2 233.4 334.8 679.7 861 1 7 /2 - 1 7 /2 " 11 58.9 688.7 3-m Pi 468.8
470.3 196.9
257.3
455.3 
659.1
1057
1589.0
203.4
410.6
494.6 
710.3
1095.1
1608.8
220.8
430.2
569.5
996.1
1117.0
240.3
438.8
594.2
1020.3
1135.5
9 /2  + 5 /2  + 710.7 240.3 1-m 215 +  253
472.8 181
240.3
632.8
196.9
255.2
1135.5
203.4
430.2
1237.9
220.8
476.0
11/2 + 7/2 + 968.3 495.6 l-m PI471.4.PI 47.3.8 
Hr I02 +  7I
475.4 233.4 292.1 1804 l l / 2 ~ 1 3 /2 “ 829.3 353.9 3-m P( 4 74.3
7 /2  +
Hp40l +  71
476.0 138.5
215.3
430.2
520.1
709.9
1095.1
1678.2
148.8 
247.6
438.9 
625.4 
785.3
1135.5 
1889.3
192.3
271.6
472.8
653.2
996.1
1237.9
196.9
382.1 
480.6
669.1 
1020.3 
1646.7
3 /2  + 495.6 19.5 1- 203 + 292 
240+255
204 +  291 
Hr475.7
476.3 88
271.5
653.9
203.4
291.0
220.8
382.1
240.3
537.3
9 /2  + 5/2  + 767.0 291.0 1-in
478.0 278.7 678.9 1023.7 7 /2 - 9 /2 “ 597.8 120.5 3- 407.8+69
478.1 233.4 334.8 1 7 /2 “ 17/2 — 1167.1 688.7 3-m 203 +  272
479.6 525.4 9 /2 “ 1 3 /2 “ 1228.8 749.3 2-m
480.1 103.3 3 /2 “ 1 /2 “ 734.5 275.0 3-r Pi 480.4
480.6 154
429.9
625.4
220.8
470.3
240.3
476.0
410.6
486.4
11/2+ 1601.3 1121.3 1-m P t4 1-1+67 
411 +69 
Hr-111 +71
483.7 192.6 203.4 247.6 5 /2  + 3 /2  + 687.0 203.4 1- Hg484,417+67
484.3 129.7
1650.5
183.2 275.4 594.2 5/2+ 3 /2  + 503.8 19.5 1-R P( 484.8
486.4 129.7
342.6
614.1
138.5
393.4
220.8
429.9
240.3
480.6
11/2 + 7 /2  + 1121.3 633.7 1-m Hp486.8
-1I6+7I
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E-, C o i n c i d e n t  t r a n s i t i o n s  I, I j  E,  Fi j  C o m m e n t s
( k e V )  (k e V )  (k c Y )  (k c Y )
487.7 233.4 271.2 376.3 555 9 /2 “
1315.4
493.2 103.4 1583.8
494.6 203.-1 220.8 240.3 470.3 9 /2  +
1095.1
499. 103.4 657
499.4 122.0 336.7 349.5 374.1 11/2 —
387.5 501.9 527.8 629.7
773.3 913.5 1069.7 1362.6
1392.5 1564 1601.9 1617.8
1626.7 1680.8
5U1.9 1 76.5 259.3 283.7 349.5 13/2 +
-199.4 913.5 1009.4
502.9 103.4 449.2 525.4 1066.6
1142.5
503. 153.7 205.4 283.7 292.1 1 1 /2 “
503.6 129.7 275.4 1650.5 5 /2  +
513. 271.2 1.3/2“
513.6 103.1 449.2 1 3 /2 “
515.9 142.6 233.4 305.4 336.7
376.3 501.9 625.0 768.0
519.1 103.3 1 53.7 181.4 284.5 3 /2 “
1179.0
520.1 148.8 255.2 476.0 1135.5 7 /2 “
524.5 103.4 392.5 449.2 1 1 /2 -
525.4 103.4 131.8 305.8 437.9 1 3 /2 “
448.3 -179.6 502.9 537.5
566.9 656.1 669.2 791.3
840.5 887.8 900.7 1066.6
1181.2 1570.1 1587.9 1594.3
1616.0 1646.4 1651.4 1661.4
526.7 220.8 240.3 382.1 537.3 9/2+
653.9
527.8 265.8 233.1 499.4 1 3 /2 “
537.3 133.7 220.8 240.3 271.6
393.4 476.3 526.7 995.9
537.5 103.4 657.3 900.7 1 3 /2 “
542.0 233.4 319.2 376.3 462.1 1 3 /2 “
544.0 148.3 334.8 1 9 /2 “
545.9 330.9 1549.6 1575.1 1 /2 “
546.7 582.1 7 /2  +
550.8 233.4 376.3
551.8 103.3 153.7 205.4 5 /2 -
564.8 127.4 233.4 319.2 33-1.8 17/2 +
376.3 462.1 695.0 932.7
988.4 1009.4
566.9 525.4 1 7 /2 “
1 1 /2 “ 98-1.9 496.8 3-m 418+71
1 5 /2 “ 2300.5 1807.6 2-m Pt-192.9
Pt426+67
9 /2  + 1205.5 710.7 1-m 255 +  240
424 +  71,426+69
1 1 /2 “ 1380.0 881.2 2-m 430+69
9 /2 “ 619.8 120.5 3-m Pt498.Pt500.1
I 1 r4 9 8 ,2 3 3 + 2 6 6  
PtiHO+:*i 2 
Pt 2-17+251 
P t l Hi +:*i 8
11/2 ‘ 1121.8 619.8 3-m IFr -129+71
Pt-126+76
2318.8 1815.9 2-m
7 /2 “ 829.3 325.9 3-m 436+67.435+69
1/2 + 503.8 0.0 1-g 300+203
2 9 1 + 2 1 2
263+21(1
9 /2 " 956.7 44.3.3 3-m
1 5 /2 “ 1 187.0 673.4 2-m
13/2 + 1637.8 1 121.8 3-rn 446.5+69
P1516.449+67
5 /2 “ 975.3 456.2 3-p Pt519.6
7 /2  + 1015.0 495.6 1-m 521.6
1 5 /2 “ 1197.6 673.4 2-m
1 1 /2 “ 749.3 223.9 2-m F:>t524.5
FFr 5 2 3 .8
5/2  + 767.0 210.3 I -m 457+69
Pt.526.9
1 1 /2 “ 11-17.8 619.8 3-m 459+69, Hg52S 
Hg457+71
9 /2  + 1301.7 767.0 1-m 470+67
1 1 /2 “ 1418.2 881.2 2-m Pt-171 +67
1 5 /2 “ 1357.5 816.0 3-m Pt542 ,472.8+69
1 7 /2 “ 1232.7 688.7 3-m 476+69
1/2 + 545.9 0.0 3-g P1546.3,476+69
5/2+ 1369.7 822.7 1-m
11/2 — 1047.6 496.8 3-m
7 /2 “ 876.8 325.9 3-g 103+449
484+67,-180+69
1 5 /2 “ 1380.8 816.0 3-m Pt564
Pt-198+67
1 3 /2 “ 1316.1 749.3 2-m 233+335
FFr 569 , 1 9 9 + 6 9
( t a b l e  c o n ’d . )
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Table 4.3: continued
F-i Coincident transit ions li If F.( Comments
(keV) (keV) (keV) (ke\ )
569.5 220.8 240.3 170.3 1020.3 11/2 + 9 /2  + 1280.8 710.7 1-m 2714-298
Hg498+71
571.4 148.8
778.8
289.5
1135.5
343.6 424.1 3/2  + 3/2  + 590.9 19.5 1- 5024-69.Hg572
5034-69
Ilg498+71
575.8 565.9 468'.' 3 /2+ 3 /2  + 595.3 19.5 !~g IO 390+185 
Ilg575.3.5114-65
578.8 196
462.1
233.4 294.5 319.2 1 3 /2 - 1 5 /2 - 1393.3 816.0 3-m 10578.0,Ilg578
5114-67
IIr5074-71
579.3 185.7 252.5 271.5 3 /2 “ 7 /2 - 1056.0 476.4 2-p Hr580.51 14-69
582.1 148.8
546.7
220.8
1407.6
240.3
1431.2
382.8 5/2 + 5/2  + 822.7 240.3 1- Hg5104-71 
5114-71
584.4 233.4 319.2 462.1 1 5 /2 “ 1400.4 816.0 3-m Pt583.Pt 5164-67
586.7 272.1 426.1 478.0 7 /2 “ 1184.5 597.8 3-m Hg585,520+67 
51 l+76,llg588p
591.0 289.5 3/2  + 1/2 + 590.9 0.0 1- Pi 590.9.520+69
594.2 220.8 240.3 470.3 995.9 9 /2  + 1304.7 710.7 1 - in 525.4+68.8
595.2 none 3/2  + 1/2 + 595.3 0.0 1 Pl.59.5.3.527+69 
Hg524 +  71
602.9 233.4 436.6 1362.6 1 3 /2 - 13/2 — 956.7 353.9 3-rn Pt602 .5,525 +  78
608.4 233.4 584.4 1357.2 2319.5 171 1.1 3-rn P 1609.5
614.1 133.7 381.7 486.4 646.3 7/2 + 3 /2  + 633.7 19.5 1- 39.3 + 221 ,P( C1 I 
f 0546+67
616.4 103.4 388.5 9 /2 - 1 1 /2 “ 840.3 223.9 2-m 720C.s,Hgfil7 
252 +  363
618.7 203.4 382.8 1407.6 (1431.2) 5 /2  + 3 /2  + 822.7 203.4 1- 582+36.9
619.0 1516.8 5/2 + 3 /2  + 638.9 19.5 398+221
Pt.552+67
621.8 417.1 425.0 975.5 1 3 /2 - 9 /2 “ 742.1 120.5 3-m Pt620.8,lr622
233.4+388.2
625.0 51.2
205.4
349.5 
871.9
1229.3
142.6
233.4 
376.3
913.5 
1271.3
153.7 
259.3 
446.5
932.7
171.7
283.7 
848.1 
988.4
13/2 + 1 1 /2 - 1121.8 496.8 3-m Hg624.3
Hg553+7I
625.4 220.8 240.3 255.2 476.0 11/2 + 7/2 + 1121.3 495.6 1-m P1625.8
P t560+67
629.6 499.4 773.3 1 1 /2 - 1 1 /2 “ 1249.4 619.8 3-m Pt,560+69
632.0 233.4 1357.2 2343.1 1711.1 3-m Pt564+67 
Hg631.5
632.8 472.8 1601.3 968.3 I-rn
638.7 382.8 1516.8 5/2+ 1/2 + 638.9 0.0 i-g 203+435
240+398
639.4 233.4
1009.4
364
1244.7
387.5 932.7 1 5 /2 ~ 1 3 /2 “ 993.3 353.9 3-in Pt.640,571 +  69
642.7 103.4 449.2 [1 7 /2 — ] 1 5 /2 “ 1316.1 673.4 2-m Pt643 
Hg571 +71
643.5 271.5 5 /2  + 5/2  + 934.5 291.0 1-m 10578+07
646.3 203.4
429.9
220.8
614.1
240.3
659?
393.4
1020.3
11/2 + 7/2 + 1280.8 633.7 1 - in Hg575 +  71 
Hgl61 +48 1
647.9 233.4
1365.8
467.7 969.7 1236.6 1 3 /2  — 2237.7 1590.5 3- rn
( t a b l e  c o n ’d . )
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Table 4.3: continued
Coincident transitions I ; 1 / Ej E / Com m ents
(keV) (keV) (keV) (keV)
6-18.1 392.5 525.1 810.5 2237.6 1590.2 2-m 579+69
IIg.578+71
651).9 112.6 233.1 376.3 1 3 /2 “ 1 1 /2 - 1117.8 196.8 3- in 582+69
651.2 215.1 298.6 1 3 /2 " 13 /2“ 1393.3 712.1 3-m Hr580+71
653.2 203.1
255.2
220.8
271.5
210.3
155.3
255.2
476.0
11/2 + 7 /2  + 1118.8 195.6 1-m Hr655.2 
112 +  51 1
653.9 133.7
526.7
271.6
785
393.1
880.3
176.3 9/2+ 1120.9 767.0 1-m
657.3 103.1
1023.8
1125.6
305.8
1372.3
1167.7
199
1399.6
537.5
1119.6
11/2 — 1 1 /2 - 881.2 223.9 2-m Hg581 +  71 
P( 591 +67
659.1 220.8
119.3
210.3
170.3
255.2
176.0
393.1 7 /2  + 9 /2  + 1369.7 710.7 1-m
659.2 233.1 376.3 11/2 — 1 1 /2 “ 1156.1 196.8 3-m
659.1 153.7 205.1 1315.1 9 /2 - 7 /2 - 981.9 325.9 3-m Hr588+71
667.8 217.6 5 /2  + 3 /2+ 687.0 19.5 1- 221+117
271+395
Ug666p
669.1 220.8
1135.5
210.3 255.2 176.0 11/2 + 7/2+ 1161.6 195.6 1-m
669.2 103.1 525.1 900.7 1 3 /2 - 13/2 — 1118.2 719.3 2-m Hg670.9p
678.9 112.7 126.1 178.0 1023.7 7 /2 - 1276.7 597.8 3-m Hg677.8
679.7 233.1
1236.6
331.8
1365.8
116.7 170.2 1 3 /2 - 2268.2 1590.3 3-m 210+139
683.5 205.1 271.2 322.9 9 /2 “ 1126.5 113.3 3-m Pt683 ,611+69
686.7 192.6 5/2+ 1/2 + 687.0 0.0 1- 210+117 
Hp61 7+71 
P621+67
692.1 331.8 17/2 + 1 7 /2 - 1380.8 689.7 3-m 255 +  138 
217+116
693.8 220.8 210.3 5/2+ 5/2  + 931.5 210.3 1-m 625+69
10.627+67
700.3 103.3
1318.0
1093.5 1179.0 1196.9 3 /2 - 1 /2 - 975.3 275.0 3-g Hr700
P1635+67
709.2 292.1 11/2 — 9 /2 - 829.3 120.5 3-m 233+175
639+69
709.9 203.1
292.2
220.8
176.0
210.3
1095.1
255.2 9 /2  + 7/2  + 1205.5 195.6 1-m Pt708.0,lr70t*
710.3 215.3
170.3
220.8
880.3
210.3 292.2 9 /2  + 1120.9 710.7 1-m 210+170
712.7 271.2 322.9 1 1 /2 “ 9 /2 - 1156.1 113.3 3-m 210+173,Ir713 
Hg612 +  71
721.7 252.5 11/2 — 7 /2 - 1197.6 176.1 2-m P1720.1
72-1.1 1365.8 13/2+ 2313.7 1590.5 3-m 657+67,Pl.721
732.1 119.2 1 9 /2 “ 1 5 /2 “ 1-105.2 673.1 2-m Pt730.3,l!g731
732.5 1313.3 2091.3 1362.0 1-g Hg661+71 
221+511
736.3 393.1 7 /2  + 7/2  + 1369.7 633.7 1-m 667+69
7-15.1 103.1 119.2 900.7 1 3 /2“ 1 5 /2 “ 1118.2 673.1 2-m
7-15.2 270.9 371.2 515.9 1 /2 - 1291.1 515.9 3-g
717.5 -119.2 (11/2  ) 1 5 /2 “ 1120.6 673.1 2-m
751.9 187.5 236.3 252.5 271.5 9 /2 “ 7 /2 “ 1228.8 176.1 2-m 210+51 1
Pt683+67
( t a b i c  c o n ’d . )
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Table 4.3: continued
E-> C o i n c i d e n t  t r a n s i t i o n s  I, I j  E,- E j  C o m m e n t s
( k e V )  (k e V )  (k e V )  (k c Y )
753.1 142.6 376.3 11/2
757.3 236.3 252.5
758.1 none
761.0 252.5 5/2
761.1 332.3 475.4
761.4 271.5 3/2
768.0 233.4 259.3 283.7 349.5 13/2+
446.5 515.9 913.5
773.3 233.1 499.4 1 3 /2 -
778.8 571.4 930.9 7/2  +
783.8 252.5 3 /2 “
785.3 220.8 240.3 255.2 476.0 11/2+
785.5 499.4 13/2+
786.1 393.4 5 /2  +
790.5 476.3
791.0 203.4
791.3 103.4 525.4
795.0 233.4 1 3 /2 -
805.5 233.4 1 7 /2 -
805.7 271.2 322.9 1 1 /2 -
813.3 51.2 639? 1315.4 9 /2 -
816.1 220.8 240.3 3 /2 -
829.9 366.5 1350.0
830.1 153.7 205.4 1 1 /2 -
836.2 360.4 436.6 1362.6 1 3 /2 “
840.5 103.4 525.4
846.8 470.3
848.1 90.5 349.5 376.3 499.4 1 5 /2 -
501.9 625.0 768.0
853.3 203.4 .3 /2-
860.7 142.6 233.4 376.3 1 3 /2 -
864.4 1315.4 9 /2 “
867.5 103.4 149.2
871.9 233.4 349.5 376.3 499.4
501.9 625.0 768.0
873.6 322.9 271.2 9 /2 -
880.3 220.8 240.3 393.4 544?
710.2
890.3 470.3
895.8 233.4 1 1 /2 -
896.2 376.3 1 3 /2 -
900.7 449.2 525.4 537.5 669.2
745.1
908.5 376.3 913.5 13/2 +
913.5 233.4 271.2 283.7 305.4 1 5 /2 “
322.9 376.3 501.9 625.0
1 1 /2 - 1249.4 496.8 3-m P1752.9
7 /2 - 1233.7 176.4 2-g P1247+5] 1
3 /2  + 778.6 19.5 1-g Hg688+71
7 /2 - 1237.5 476.4 2-g 691.5+69,Hg
11/2 — 1590.5 829.3 3-in
5 /2  + 1056.0 291.0 2-g
1 3 /2 “ 1121.8 353.9 3-m Pt768 ,7004-69
1 1 /2 - 1393.3 619.8 3-m Pt772.ll
Pt706-f67
3/2+ 1369.7 590.9 1-m 7104-69
7 /2 - 1260.2 476.4 2-g
7 /2  + 1280.8 495.6 1-m Pt720.44-67p
11/2 — 1405.5 619.8 3-m
7/2  + 1419.8 633.7 1-K
9/2  + 1557.5 767.0 1-m
3/2  + 994.4 203.4 l-g Pt 724 4-67
1 3 /2 - 1540.9 749.3 2-m
1 3 /2 - 1 147.8 353.9 3-m Pi 7304-67,Hg
13/2 — 11 58.9 353.9 3-m 3884-417
3354-470
9/2  - 1249. 1 443.3 3-m 142.64-661.1
5 /2 - 984.9 171.8 3-m 659.44-153.7
5 /2  + 1056.0 210.3 2-g 7474-69.514-764
9 /2 - 950.5 120.5 3-m 3194-511
7 /2 - 1156.1 325.9 3-m P t8 3 1,76 l-f-69
9 /2 - 956.7 120.5 3-m 7684-69
2334-603
1 3 /2 “ 1590.2 749.3 2-m Hg770.84-71
9 /2  + 1557.5 710.7 1-m
2319.5 1471.2 3-m 7794-69 
Pt. 7814-67
3 /2  + 1056.0 203.4 2-g 7854-69
1 1 /2 “ 1357.5 496.8 3-m Pi 861
Hg3494-511
9 /2 “ 984.9 120.5 3-m 7954-69
3764-488
1 5 /2 “ 1540.9 673.4 2-m 233.44-632.0
2343.1 1471.2 3-m Pt873 ,2334-639 
3494-524:Au.Hg
9 /2 “ 1317.1 443.3 3-m
2300.6 1420.9 1 - rn Pl.3694-511
9/2  + 1601.3 710.7 1-m Pt890.4
1 3 /2 “ 1249.4 353.9 3-m 4384-455
11/2 — 1393.3 496.8 3-m Pt897 ,8294-67 
2454-651
1 3 /2 - 2318.8 1418.2 2-m P18334-67 
P t901 .8
1 1 /2 “ 1405.5 496.8 3-m 2844-625 
PI909,4384-470
13/2 + 2319.5 1405.5 3-m P t9 ll.6 ,P t9 1 3 .6
( t a b l e  c o n  d . )
Table 4.3: continued
E-y C o i n c i d e n t  t r a n s i t i o n s  I,
(k e V )  (k eV )
768.0 908.5 1051.4 1181.4
91 1. 1095.1 9 /2  +
920.7 233.4 360.4 366.5 873.6 1 3 /2 -
1092.5 1196.6
930.9 659.1 778.8
932.7 1 18.3 233.4 259.3 319.2 13/2 +
376.3 462.1 501.9 564.8
625.0 692.1 768.0
9S1.0 205.4
9G2.9 233.4 1154.2 9 /2 “
963. 319.2 462.1 1 1 /2 -
963.2 103.4 1 3 /2 -
969.7 499.4
988.3 127.4 319.2 331.8 561.8 13/2 +
995.5 305.4 319.2 376.3 501.9
625.0 768.0
995.9 537.3 594.2
996.1 220.8 240.3 271.5 438.8
470.3 476
1003. 476.0 5 /2  +
1004.2 233.4 1 3 /2 -
1009.4 233.1 259.3 319.2 387.5 13/2 +
462.1 501.9 564.8 767.8
1014.2 233.4
1020.3 220.8 240.3 393.4 470.3
569.5 616.3 785.3 1056.1
1023.7 272.1 335.7 426.1 678.9
1156.9
1023.8 103.4 657.3 1 5 /2 -
1036.1 nunc 3 /2 -
1044.1 233.4
1051.4 233.1 13/2 +
1056. 3 /2 “
1056.1 103.4 1020.3 11/2 +
1058.0 493.2 525.4 1 5 /2 “
1066.6 502.9 525.4 1 1 /2 “
1069.7 233.4 499.4 501.9
1092.5 103.4 920.7 9 /2 "
1093.5 103.3 700.3
1095.1 255.2 382.8 476.0 494.6
571.4 709.9 914
1103.9 103.4 449 525
1117.0 220.8 240.3 382.1 438.8
470.3
1134.0 449.2 493.2 15/2 —
1135.5 135.4 148.8 196.9 220.8
240.3 255.2 284.2 476.0
571.4 669.1
1^  E, E j  Com ments
(k e \')  (keV)
5/2  + 1205.5 291.0 1-m
9 /2 “ 2237.7 1317.1 3-m 4104-511
2300.6 1369.7 1-rn 8614-69
17/2 + 2313.7 1380.8 3-in 8644-69 
PI423+51 1
7 /2 - 1276.7 325.9 3-ni Hp441 4-51 1
1 3 /2 “ 1317.1 353.9 3-in 306+657
15/2 — 1 779.0 816.0 3-rn 8964-67
1 1 /2 - 1187.0 223.9 2-m [’1963.5
11 /2“ 1 590.5 619.8 3-in P 1968.7
17/2 + 2369.2 1380.8 3-rn 4764-511
9204-69
P1913+75
13/2 + 2117.3 1121.8 3-m
2300.6 1304.7 1-m Pt-1854-51 1
13/2 + 2145.6 1149.5 1-m 4854-51 1 
Pt997.4
7 /2  + 1499.0 495.6 l-£ Pi 1003
1 3 /2 “ 1357.5 353.9 3-m Pt9384-67
17/2 + 2390.2 1380.8 3-m 4994-51 Ip 
P i 1008
1 3 /2 “ 1368.1 353.9 3-m Pt 101 5.2 
Pi 9384-76 
IlglOlO
11/2 + 2300.6 1280.8 1-m P15084-51 1 
Hg.509+51 1
2300.5 1276.7 3-m 5114-51 lp
1 1 /2 “ 1905.4 881.2 2-m
1/2 + 1056.0 19.5 2-g 5254-51 1 
Pt969+G7
1 3 /2 “ 1398.0 353.9 3-m llg349+624 +  71
1 3 /2 “ 1405.5 353.9 3-m 9824-69
1/2 + 1056.0 0.0 2-g Pi 1056
11/2 — 1280.8 223.9 1-m 5454-511
1 3 /2 “ 1807.6 749.3 2-m
1 3 /2 “ 1815.9 749.3 2-m P tl0 6 6 ,P tl0 6 8
13/2 + 2191.5 1121.8 3-in
1 1 /2 “ 1317.1 223.9 3-m
3 /2 “ 2068.7 975.3 3-8 10244-69
2300.6 1205.5 1-m Hg585 +  511
1 1 /2 - 2300.5 1197.6 2-m
13/2 + 2266.5 1149.5 1-m 10514-67
335+781
1 5 /2 - 1807.6 673.4 2-m
11/2 + 2300.6 1164.6 1-m 1067+69 
Hgl 138
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Table 4.3: continued
Coincident transit ions I, 1/ E; E J Com m ents
(keV) (keV) (kcY) (keV)
11 12.5 103.4 449.2 502.9 1 1 / 2 " 1 5 /2 “ 1815.9 673.4 2 -m 6324-511
115 1.2 233.4 962.9 1196.6 1 1 / 2 9 /2 “ 2471.2 1317.1 3-m 9214-233
Ptl0864-67
1156.9 1023.7 9 /2 “ 1276.7 120.5 3-m 4784-678
5114-646
1169.8 438.8 470.3 13/2 + 2319.4 1149.5 1 -m P t l  168.8
11 79.U 103.3 700.3 3 /2 3 /2 “ 2154.4 975.3 3-8 P tl  178.8, Hg
1181.2 103.4 525.4 1 7 /2 ” 1 3 /2 “ 1930.4 749.3 2 -m
1181.1 103.4 913.5 13/2 + 1 1 / 2 “ 1405.3 223.9 3-m
118-1.8 438.8 13/2 + 2334.3 1149.5 1-m
1196.1 438.8 1 1 / 2  + 13/2 + 2345.9 1149.5 1 -m
1196.6 920.7 1154.2 9 /2 “ 9 /2 “ 1317.1 120.5 3- m 233.44-962.9
1196.9 103.3 700.3 3 /2 “ 2172.1 975.3 3-8
1214.6 142.6 233.4 376.3 1 1 / 2 - 1711.1 496.8 3-m 459.74-753.1 
Hgl 1464-71
1229.3 376.3 625.0 13/2+ 2351.1 1 1 2 1 . 8 3-m P tl  229.2
123U.11 270.9 374.2 545.9 1 / 2 - 1775.9 5 15.9 3-8
1232.3 449.2 1 5 /2 “ 1 5 /2 “ 1905.4 673.4 2 -m
1236.6 233.4 647.9 1 3 /2 - 1590.5 333.9 3-m 2334-100 1 
P t l  161 4-76
1237.9 257.4 470.3 472.8 476.0 1 1 / 2  + 2207.-1 968.3 1-m P tl  1714-67
1244.7 233.4 304 639.4 1 3 /2 “ 1 5 /2 “ 2237.7 993.3 3-m P tl  243.Up
1253.4 304 639.4 1.3/2“ 1 5 /2 “ 2246.5 993.3 3-m P t 1253.2
1257.U 449.2 1 7 /2 “ 1 5 /2 “ 1930.4 673.4 2 -m P tl  1894-67
1274.3 233.4
768.0
376.3 462.1 625.0 15/2 + 13/2 + 2396.1 1 1 2 1 . 8 3-m
1277.2 582.-1 (9 /2 + ) 5 /2  + 2099.9 822.7 1 -m Pt 1277.2,Hg
1283.8 233.4 1 3 /2 “ 1637.8 353.9 3-m 1214.64-69
1284.6 2 2 0 . 8 240.3 393.4 614.1 7 /2  + 1918.1 633.7 1 -g P t l  2 1  7.84-67
1315.4 142.6
376.3
864.4
153.7
487.7
205.4
659.4
233.4
813.3
9 /2 “ 2300.5 984.9 3-m
1317.0 472.8 2285.3 968.3 1 -m
1318.U 700.3 2293.3 975.3 3-8 P tl  319.0
1321.1 449.2 1 1 / 2 “ 1 5 /2 “ 1994.9 673.4 2 -m
1325.5 331.9 1 1 / 2  + 7 /2  + 2291.1 965.6 1 -m
1332.5 459.4 836.2 1 3 /2 “ 2289.2 956.7 3-m P tl  331.9
1339.5 252.5 1 1 / 2 “ 7 /2 “ 1815.9 476.4 2 -m Pt 1339.3
1343.3 732.5 3 /2  + 1362.0 19.5 1 - 8 P tl  345.5
1347.3 476.0 5 /2  + 7/2  + 1842.9 495.6 1 - 8
1350.0 351.9 426.1 829.9 2300.5 950.5 3-m 3274-1023
1357.2 233.4 608.4 632.0 773.3 1 3 /2 - 1711.1 353.9 3-m P t l  2904-67
1357.6 582.4 9 /2  + 5 /2  + 2180.3 822.7 1 -m Pt 12904-67
1362.6 171.7
376.3
602.9
233.4
459.4 
836.2
322.9
499.4
336.7
513
1 5 /2 “ 1 3 /2 - 2319.5 956.7 3-m
1365.8 103.4 647.9 657 724.1 1 1 / 2 “ 1590.5 223.9 3-m P tl  364.7
1372.3 657.3 1 1 / 2 “ 2233.5 881.2 2 -m 8614-511
1392.5 449.2 1 5 /2 “ 2065.9 673.4 2 -in
1399.6 103.4
669.2
449.2 616 657.3 1 1 / 2 “ 2280.4 881.2 2 -m P t 13324-67
1407.6 582.4 618.7 5 /2  + 2230.3 822.7 1 - 8 P tl  408.1
1419.6 131.8 525.4 657.3 1 1 / 2 “ 23U0.5 881.2 2 -m P t l !  1 7.6
( t a b l e  c o n 'd . )
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Table 4.3: continued
E^
(keV)
C oincident transitions 
(keV)
If 1/ Ei
(keV)
E ,
(keV)
Com m ents
1421.5 205.4 276.6 284.5 407.8 3 /2 - 5 /2 - 2154.4 732.5 3-S P11355+67
457.8
1422.5 476.0 7 /2  + 1918.1 495.6 1-g
1430.3 233.4 319.2 376.3 462.1 1 3 /2 - 1 5 /2 - 2246.5 816.0 3-m Ptl-129.7
1431.2 582.4 618.7 638.7 5/2+ 2253.2 822.7 1-g
1435.0 470.3 9 /2  + 2145.6 710.7 1-m ng
1442.6 185.7 236.3 252.5 3 /2 “ 7 /2 - 1919.0 176.4 2-g 511+931
1452.2 205.4 407.8 457.8 5 /2 - 2184.5 732.5 3-g P H 4 5 2 ,1384 +  67
1455.4 435.5 638.7 5 /2  + 2091.3 638.9 1-g P t l  388+67
P tl  379+76
1461.1 233.4 334,8 1 3 /2 “ 1 7 /2 - 2149.8 688.7 3-m 1392+69,P t l  462
background line
1466.1 289.5 11/2 + 7/2+ 2345.9 880.4 1-m
1467.7 525.4 616? 657.3 1 1 /2 - 2348.9 881.2 2-m
1496.8 203.4 220.8 240.3 470.3 9 /2+ 2207.4 710.7 1 -m 1430+07
P t l  430+67
Hgl416+81
1503.6 127.4 233.4 319.2 334.8 1 5 /2 - 1 5 /2 “ 2319.5 816.0 3-m P t l 503
376.3 462.1 P t992 + 511
1516.8 203.4 398.3 435.5 619.0 5 /2  + 2155.2 638.9 1-g 233+ 1 284
638.7 P U 449+67
P t l  86+1332
1518.6 185.7 236.3 252.5 5 /2 - 7 /2 - 1995.0 476.4 2-g Pt 1519.6
Pt 1452+67
1522.9 270.9 374.2 1 /2 - 2068.7 545.9 3-fi
1532.8 103.4 449.2 1 5 /2 - 2206.4 673.4 2-m 1023+511
1534.2 203.4 3 /2  + 1737.6 203.4 1-g Pi 1535.8
1466+69
1539.6 393.4 7/2+ 2173.3 633.7 1-g
1544.5 393.4 7/2+ 2178.2 633.7 1-g P11478+67
1545.3 429.6 9 /2 " 2300.5 755.4 3-m
1548.5 203.4 3/2+ 1751.9 203.4 1-g P t l  547.1
1549.6 270.9 374.2 545.9 1 /2 - 2095.6 545.9 3-g P t l  483+67
1556.2 270.9 374.2 1 /2 - 2102.1 545.9 3-g Hgl 556
1563.6 449.2 1 5 /2 “ 2237.6 673.4 2-m
1570.1 525.4 1 3 /2 - 2318.8 749.3 2-m P t l  503+67
Hgl 568
1575.1 270.9 374.2 545.9 1 /2 - 2121.0 545.9 3-g P t l  509+67
1579.5 233.4 334.8 1 3 /2 - 1 7 /2 - 2268.2 688.7 3-m
1580. 449.2 1 5 /2 - 2253.5 673.4 2-m
1583.1 203.4 3 /2  + 1786.5 203.4
1583.8 103.4 493.2 1 5 /2 “ 1 1 /2 “ 1807.6 223.9 2-m PU 581.2
1584.8 319.2 462.1 1 5 /2 - 2401.2 816.0 3-m
1587.9 525.4 1 3 /2 - 2337.1 749.3 2-m 1519+69
1589.0 470.3 9 /2+ 2300.6 710.7 1-m
1594.3 103.4 525.4 1 3 /2 “ 2343.3 749.3 2-rn
1601.9 499.4 1 1 /2 - 2221.7 619.8 3-m P H 6 0 2 ,1532+69
1606.6 449.2 1 5 /2 “ 2280.4 673.4 2-m
1607.8 203.4 3 /2+ 1811.2 203.4 1-g
1608.1 103.3 270.9 374.2 3 /2 - 1 /2 - 2154.4 545.9 3-g
1608.8 470.3 9 /2  + 2319.4 710.7 1-m
1616.0 525.4 1 3 /2 - 1 3 /2 - 2365.3 749.3 2-m
1617.8 499.4 1 3 /2 - 1 1 /2 - 2237.7 619.8 3-m 1550+69,1 Ig
(table con’d.)
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Table 4.3: continued
E-, Coincident transit ions h 1/ E; E / Comments
(keV) (keV) (ke\ ) (keV)
162U.8 476.0 7 /2  + 2116.4 495.6 1-g
1626.7 176.5 271.2 294.5 499.4 1 3 /2 “ 1 1 /2 “ 2216.5 619.8 3-m
1627.1 271.5 5 /2  + 1918.1 291.0 1-g
1627.0 449.2 1 5 /2 - 2300.5 673.4 2-m
1 6 :1 0 . 9 233.4 334.8 15/2 — 17/2 — 2319.5 688.7 3-m
16.19.6 203.4 5 /2  + 3 /2  + 1842.9 203.4 i-g
1640.5 103.3 153.3 3 /2 " 2068.7 428.2 3-g Hg
1646.1 525.4 13/2 + 13/2 — 2395.7 749.3 2-m
1646.7 476.0 5 /2  + 7/2  + 2142.6 495.6 1-g Hg
1650.5 183.7
503.6
203.4 300.3 484 5 /2  + 2155.2 503.8 i-g
1651.4 525.4 1 3 /2 “ 2400.7 749.3 2-in 1584+67
1661.4 525.4 1 3 /2 - 2110.7 749.3 2-m 1584 +  78 
I’M 586 +  76 
P tl5 8 4  +  76p
1667.8 103.3 153.3 256.4 3 /2 " 2095.6 428.2 3-g PU 606.8
1669.3 503.6 5 /2  + 2173.3 503.8 1-g
1669.9 103.4 449.2 1 5 /2 “ 2343.3 673.4 2-m P tl  602 +  67
1674.1 103.3 153.3 256.4 3 /2 “ 2102.1 428.2 3-g
1676.0 233.4 1 3 /2 “ 2030.0 353.9 3-m Hg1674.3
1678.2 476.0 7/2+ 2173.3 495.6 1-g PI 61 2 +  67
1680.8 233.4 499.4 1 1 /2 “ 2300.5 619.8 3-m 1579+101
1681.5 103.4 1 5 /2 " 1 1 /2 “ 1905.4 223.9 2-m
1693.0 103.3 153.3 256.4 3 /2 - 2121.0 428.2 3-g
1697.8 476.0 5 /2  + 7/2+ 2193.4 495.6 1-g 1627+69,Hg
1701.2 233.4 334.8 1 7 /2 - 2390.2 688.7 3-m P tl  189+511
1702.3 103.4 185.7 252.5 271.5 ( 3 /2 - ) 7 /2 - 2178.7 476.4 2-g Hgl 700.5
1707.6 233.4 334.8 15/2 + 1 7 /2 - 2396.1 688.7 3-m 1639+69
1197+511
1714.7 203.4 5 /2  + 3 /2  + 1918.1 203.4 1-g
1715.9 449.2 1 5 /2 - 2388.9 673.4 2-m 1646+69
1726.6 103.3 153.3 256.4 3 /2 “ 3 /2 “ 2154.4 428.2 3-g P l l  727.2
1728.5 181.4 284.5 5 /2 - 2184.5 456.2 3-g 1650+78,P t l  728
1737.9 449.2 1 5 /2 - 2410.7 673.4 2-m 1669+69
1 740.9 142.6 233.4 376.3 1 3 /2 - 1 1 /2 “ 2237.7 496.8 3-m 1230+511
1741.3 103.3 153.3 256.4 3 /2 “ 2172.1 428.2 3-g 1676+69
1746.8 270.9 374.2 1 /2 - 2293.3 545.9 3-g Hgl 674 +  71
1794.0 203.4 3 /2  + 1997.4 203.4 1-g 1 727+67 
P t l  727+67
1803.6 142.6 233.4 376.3 11/2 — 2300.5 496.8 3-m
1804.0 332.3 475.4 11/2 — 2633.3 829.3 3-m
1830.6 271.5 5 /2  + 2121.6 291.0 i-g
1848.3 203.4 3 /2  + 2051.7 20.3.4 i-g P tl  848.0
1850.5 476.0 5 /2  + 7 /2  + 2346.1 495.6 i-g Hg
1853.8 142 376.3 1 1 /2 “ 2351.1 496.8 3-m
1857.2 271.2 322.9 9 /2 - 2300.5 443.3 3-m
1857.8 205.4 7 /2 - 2184.5 325.9 3-g
1863.7 271.5 5 /2+ 2155.2 291.0 1-g
1882.3 271.5 5 /2+ 2173.3 291.0 1-g
1883.5 233.4 1 3 /2 — 13/2 — 2237.7 353.9 3-rn P t l  882.2
1894.4 233.4 1 3 /2 “ 2248.1 353.9 3-rn
1899.5 449.2 1 5 /2  — 2572.9 673.4 2-m only tr.
1900.0 183.7 203.4 3 /2  + 2103.4 203.4 1-g 1830.6+69,Pt
( t a b l e  c o n ’d . )
Table 4.3: continued
E , Coincident transitions I, 1 / E,- E / Com m ents
(keV) (keV) (keV) (k'-V)
1902.3 2 2 0 . 8 240.3 5 /2  + 5/2  + 2142.6 240.3 1 -g
191 4.2 233.4 1 3 /2 “ 1 3 /2 “ 2268.2 353.9 3-m 1579.5+334.8
1914.9 2 2 0 . 8 240.3 5 /2  + 2155.2 240.3 1 -g
1924.5 203.4 3/2+ 2127.9 203.4 1 -g 1857+69
1932.5 2 2 0 . 8 240.3 5/2+ 2173.3 240.3 1 -g
1935.7 476.0 5 /2  + 7 /2  + 2431.3 495.6 1 -g Hg
1939.5 203.4 5/2+ 3 /2  + 2142.6 203.1 1 -g P t
1951.7 203.4 3 /2  + 2155.2 203.4 1 -g
1952.0 449.2 15/2 — 2625.0 673.4 2 -m
1952.4 233.4 1 3 /2 “ 2306.3 353.9 3-m
1957.3 51.2 153.7 205.4 5 /2 " 7 /2 “ 2283.2 325.9 3-g P tl891  +67 
P tl9 6 1 p
1969.4 203.4 3 /2+ 2173.3 203.4 1 -g P H 9 7 0 ,1900+69
1974.3 233.4 13/2~ 2328.2 353.9 3-m
1989.1 233.4 1 3 /2 “ 2343.1 353.9 3-m P tl9 8 7 .3 ,P tl9 9 1
1997.0 233.4 1 3 /2 - 2351.1 353.9 3-m
1999.4 103.4 1 3 /2 “ 1 1 / 2 “ 2223.3 223.9 2 -m
2013.0 2 2 0 . 8 240.3 5 /2  + 2253.2 240.3 1 -g
2013.9 103.4 1 1 / 2 “ 2237.6 223.9 2 -m 1503+511
2028.9 255.2 476.0 7 /2  + 2524.5 495.6 1 -fi Pt2028.1
2029.3 103.4 1 1 / 2 “ 2253.5 223.9 2 -m P t2031 ,1964+67
2017. 103.3 1 / 2 “ 2323.0 275.0 3-g
2047.3 233.4 13/2 — 2401.2 353.9 3-m
2049.5 203.4 3 /2+ 2253.2 203.4 1 -g
2065.7 none 9 /2 “ 2186.2 120.5 3-m
2076.6 103.4 1 1 / 2 - 2300.5 223.9 2 -m P t2073 .1999+78 
P t2008+67
2081.5 none 9 /2 “ 2 2 0 2 . 0 120.5 3-m Pt 2082.2013+69
2142.7 203.4 3 /2  + 2346.1 203.4 1 -g 2077+67
2163.0 2 2 0 . 8 240.3 5 /2  + 2403.3 240.3 1 -g P t2161 ,2090+69
2179.9 none 9 /2 “ 2300.5 120.5 3-m
2199.9 203.4 3 /2  + 2403.3 203.4 1 -g 2131+69
2207.5 none 9 /2 “ 2328.2 120.5 3-m
2227.9 203.4 5/2+ 3 /2  + 2431.3 203.4 1 -g
2301.0 203.4 3 /2  + 2504.4 203.4 i-g
2321.1 203.4 3 /2  + 2524.5 203.4 1 -g
1 ~......  8 j / 2 1  dg f 2 1 ^ 5 j i  bands
2  - ....... b n / 2  bands
3 - ....... bg / 2  bands
g   only in I87ffHg decay
m .....  only in 187mHg decay
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Table 4.4: Transistions not shown in the decay scheme
E-> Coincident transitions 1.' b E; E j Com m ents
(keV) (keV) (keV) (keV)
159.8 103.3 270.9 37-1.2 5-15.9 1 /2 - 705.7 515.9 3-K I’t i o i . - u i g i e i . s
183.2 192.6 
263.8
503.6
203.1
271.5
220.8
300.3
210.3 
181 3
5 /2  + 5/2  + 687.0 503.8 1-K
212.7 210.3 271.5 5 /2  + 5 /2  + 503.8 291.0 1-K Pt213.G, 113+69
133.1 192.3
116.9
686.7
203.1
180.6
210.3
183.7
395.9
667.8
5 /2  + 1120.1 687.0 1 -m P1133.5
52-1.6 272 625 657 7_
565.9 355.3 391.9 575.8 595.2 3 /2  + 1161.2 595.3 1-B
656.1 525.-1 1 3 /2 - 1-105.-I 719.3 2-m
657. 1365.8 2216.5 1590.5 3-m
778.6 nune 1/2 + 778.6 0.0 1-g
780. 376.3 1 1 /2 “ 1276.7 196.8 3-m 270+51 1
1066. 376.3 1 1 /2 “ 1562.8 196.8 3-m
1110.6 233.1 1 3 /2 - 1-16-1.5 353.9 3-m
11 16.6 103.1 119.2 1 5 /2 “ 1820.0 673.1 2-m I!k11 16 
!J 11080+67 
10635 +  51 1
1156.5 119 525 1 1 /2 - 2354.1 1197.6 2-m
1291.7 233.1 376.3 1 1 /2 - 1791.5 196.8 3-m
1315.2 117.1 170.2 805.5 17~ 247-1.1 1158.9 3-171
1368.7 255.2 176.0 7/2 + 1861.3 195.6 1 -in
1381. 176.0 7 /2  + 1876.6 195.6 1-g
1 125.6 657.3 1 1 /2 “ 2306.8 881.2 2-m Ft 1125.Pl1127
1 168. 233.1 561.8 861 3-m 1399+69
1561.0 199.1 1 1 /2 - 2183.8 619.8 3-m
1576.5 233.1 376.3 1 1 /2 - 2073.3 196.8 3-m
1589.6 103.1 119.2 1 5 /2 - 2263.0 673.1 2-m
1728.3 233.-1 1 3 /2 “ 2082.2 353.9 3- m
1761.3 525.-1 13 /2 - 2513.6 719.3 2-m 10 1253.1 +  51 1
1889.3 176.0 7 /2  + 2381.9 195.6 1-m 10 1891.2
1963.1 119.2 1 5 /2 - 2636.1 673.1 2-m PU 961.3
2131.5 203.1 3 /2  + 2331.9 203.1 i-s H r2 131
2187.7 233.1 1 3 /2 - 25 11.6 353.9 3-m Hg
2197.3 233.1 13 /2“ 2551.2 353.9 3-m
2253.0 233.-1 1 3 /2 - 2606.9 353.9 3-m
2331.6 233.1 1 3 /2 - 2688.5 353.9 3-m
2395.5 233.1 1 3 /2 “ 2719.1 353.9 3-m 2328+69
24 14.-1 233.1 1 3 /2 “ 2768.3 353.9 3-rn 2180+233
2171.2 233.1 1 3 /2 “ 2828.1 353.9 3-m
2186. none 1/2 + 2-186.0 0.0 I-g
1 - ....... s, /2 , d n /2 . d 5/ 2 bands
2  - .......  h n / 2  b a n d s
3 - ......  h g /j bauds
g ......  only in 1B7<M-!g decay
in .....  only in 187mHg decay
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tran sitio n s , from  th e  sam e decay, which are not draw n or p u t in the  decay schem e. 
N um bers 1-, 2-, and  3- in th e  C om m ent colum n of b o th  tables (4.3 and 4.4) refer 
to  th e  transitions from  the  s1/ 2-d3/ 2-d 5y2 s tru c tu re , h ^ /2  s tru c tu re , and h 9/ 2-f7/2 
s tru c tu re , respectively. T ransitions assigned only to  the  18'9Hg decay are designated 
w ith g (in the  C om m ent co lum n), and those assigned only to  the  18,mHg decay are 
designated  w ith  m .  T he  rest are m ixed tran sitions , which occur in b o th  decays, 
and  have no designated  le tte r . T he rest of th e  C om m ent colum n has a list of 
tran sitio n s  or events (sum m ing, C om pton  sca ttering ) which have some im portance  
in connection w ith th e  tran s itio n  they  are  listed  for. T ransitions in I8 'T1 (30 keV, 
300 keV) and tran sitions  from  th e  18'T1 decay (in th e  C om m ent colum n) should be 
taken  in to  account only for th e  first experim en t, while those from  181 P t  and  l8 'I r ,  
in b o th . T ransition  in tensities will be listed  in th e  section abou t th e  ite ra tio n , and 
will represen t th e  in tensities afte r separa tion  of the  I8' rnHg and 18'9Hg decays.
4 .3 .7  M e th o d s  fo r  A c q u ir in g  t h e  I n t e n s i t y  o f  a  S in g le  T r a n s i ­
t io n  T he  gates were used not only to  estab lish  coincidence relations betw een 
tran sitio n s  b u t also to  de term ine  th e ir in tensities. T he com plexity  of the  spectra  
resu lted  in a very few tran s itio n  in tensities used d irectly  from  th e  results of the  
fitting  to  th e  singles spectra . T he in tensities of those tran sitions  served as the  first 
few norm alization  in tensities, described below. M ost of th e  singles in tensities were 
used as a check on a to ta l in tensity  of a m ultip le t. T he m ethods, used to  determ ine 
bo th  7  and conversion electron  in tensities, o ther th a n  a  very few single ones, are 
listed  below.
1) M ost of th e  assigned in tensities were m ade using e ither a gate  on the  
depopu la ting  or feeding tran sitio n  for th e  specific level. This m ethod  requires 
one known in tensity  am ong direct coincident tran sitions feeding or depopula ting
th e  level ( th e  m ost in tense available). T he in tensity  of such a tran sition  is then  
used as the  norm alization one in the  calculation of the  o th er d irect coincidence 
in tensities. For exam ple, from  the  spectrum  th a t  is a ga te  on the  depopulating  
d irect coincidence, one needs to  get th e  a rea  (A ,) of all d irect coincidences feeding 
th e  level and values for the  efficiency for th a t  specific d e tec to r (e,). T he subscrip t 
n  represen ts the  tran sitio n  th a t  will serve as a norm alization . T he in tensity  of 
a d irect coincidence tran s itio n , is p roportional to  th e  ra tio  of th e  a rea  and 
efficiency, w ith  th e  constan t C determ ined  from  th e  norm alization  transition ;
j .  =  =  (4.1)
e, A n e,
For G aussian shaped  peaks one can connect th e  a rea  (A ) and  th e  height (h) of 
th e  peak  using the  w id th  (w) in th e  form : A  =  so th a t  th e  in tensity  can be
w ritten  as:
/ ,  =  (4.2)
K
T he w id th  (w) is a function  of energy and  can be easily inco rporated  in to  the  
com pu ter calculations of in tensity  by using equation  4.2.
2) If the  gate  on th e  depopula ting  tran sitio n  has only one d irect feeding 
tran s itio n , one needs to  have m ore inform ation  in o rder to  calcu late th e  in tensity  
from  th e  gate. For exam ple, the  1066.6 keV tran s itio n  has only one d irect feeding 
coincidence tran sitio n  502.9 keV , and bo th  transitions connect high spin levels. 
T he  a rea  a t 502.9 keV in th e  1066.6 keV gate  (1067-gated 503) is p roportional to  
th e  efficiency and  7 -b ranching  ra tio  for the  1066.6 keV tran sitio n , and th e  efficiency 
and in tensity  for the  502.9 keV transition . T he in tensity  of th e  502.9 keV transition  
(jr-5u.i) can k e found from  th e  equation:
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w here every th ing  is known b u t N-,-, and 7^n!. T he 7 -branching  ra tio  (-£?-,) for a 
tran sitio n  depopula ting  a  level is defined as th e  ra tio  betw een th e  7 -ray in tensity  
of th a t  tran s itio n  and  the  to ta l in tensity  of all transitions depopu la ting  th a t  level, 
so knowledge of th e  conversion coefficients is requ ired  for all these tran sitions . The 
overall constan t TV77 can be found using the  sam e type  of equation  as above, for 
an o th er strong  coincidence pair. T h a t pair has to  connect high spin levels (as in 
th e  exam ple it is going to  be used for), as th e  233.4—gated  334.8, and  has to  be 
for the  sam e d e tec to r and experim en t. =(.A 233- 335) / ( f ^ 33e:^3J;),3oe^,',) where all 
th e  num bers should be know n b u t iV77.
3) For those tran sitions for which th e  first two ways of finding th e  in ­
ten sity  cannot be applied , one m ight m ake use of ano th er m ethod  th a t  uses th ree  
consecutive coincidences (1,2, and 3), where th e  unknow n one is in th e  m iddle. For 
th e  a rea  of th e  tran sitio n  ” 3” in the  gate  on th e  tran sitio n  ” 1” one can w rite the  
equation:
A i - 3 = (4.4)
/ ry \
which gives th e  value for th e  to ta l b ranching  ra tio  B\~ . N 11 and  B 7 are  the  the 
overall constan t and  th e  7 -brancing  ra tio , as in th e  second m ethod . T he to ta l 
b ranching  ra tio  B j  is th e  ra tio  betw een the  to ta l in tensity  of th e  tran s itio n  depop­
u lating  a  level and  th e  sum  of all to ta l in tensities of th e  tran sitions  depopulating
th a t  level. Knowing B j  ^ one can find I j ' 1 using the  equation:
T r e a t  p i 2 )] ?) =  M r  (4_5)
1 -  b \ 2)
w here B / st is th e  sum  of all o th er to ta l in tensities of th e  tran sitions  depopulating
{2)the  level except for th e  /■)■ .
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4) In th e  case of th e  tran sition  th a t  is a  p a rt  of a m ultip le t, th e  electron 
in tensity , for exam ple, m ight be h a rd  to  get using th e  above m ethods. T he running 
g ate  m ethod  gives the  conversion coefficient (for K -electrons, for exam ple), w ithout 
using knowledge of e ither th e  7 -ray or electron  in tensities of th e  tran sition . For a 
tran s itio n  w ith known 7 -in tensity , one can th en  use th e  conversion coefficient to  get 
th e  electron  in tensity . T he runn ing  gate  m ethod  has also o ther advantages, which 
will be m entioned  la te r. To do a runn ing  gate  on a tran sitio n , one needs to  pull 
gates one channel (or a few) a t a tim e, covering th e  peak  position for th a t  tran sition , 
plus a few channels in front of and  behind  th e  peak , to  get the  background. T he 
m eth o d  recovers th e  peak  for th e  single tran s itio n  (on which the  gate  was pulled) 
by getting , from  every one-channel ga te -spec trum , the  a rea  of one of the  strongest 
d irect coincidence tran sitions , and p lo tting  these areas as a function  of channel 
num ber or app rop ria te  energy. Points in front of and  beh ind  the  recovered peak 
serve as a background line, which is used to  determ ine  th e  net area  of the  peak (see 
F igure 4.18 as an exam ple of a  runn ing  gate  used in th e  calculation of a conversion 
coefficient). To get the  conversion coefficient using th is m ethod , one needs to  ‘ru n ’ 
th e  gate  across th e  7 -ray and  conversion electron  peak  for th a t  tran sitio n , and for 
a sim ilarly strong  tran sitio n  (sam e d e tec to r, experim en t, sim ilar spin and sam e 
coincidence o rder), which will serve as a norm alization  tran sition  (n) .  Using areas 
for 7  and  conversion electrons from  the  p lo t, like th e  one shown in F igure 4.17, the  
conversion coefficient can be calculated  from  th e  equation:
A e/e,, (  A e/e e
ot-K =  < • '- 7- 7 —  =  a K  . 7   . , (4.6)\  A e/e e J n A-t/ e1
w here all areas A are net areas in an app rop ria te  plot described above, and  effi­
ciencies e are taken  for th e  d e tec to r on whose spectrum  the  gates were pulled.
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F ig u r e  4.18. R unning  g a te  across the  284 keV 7  (upper) and 284K (203 keV) 
conversion electrons (low er), done on th e  d a ta  from  the  first experim ent. T he 277 
keV transition  was chosen for the  plots. Every point in the  p lot represen t th e  area  
(counts) of th e  277 keV tran s itio n , taken  from  th e  one-channel gated  spectra . The 
one-channel windows run  across th e  284 keV transition  in th e  electron and 7 -ray 
spectrum .
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Figure 4.18 shows, in the upper part, the plot of the areas (counts) of the
276.6 keV transition in the 7 -spectrum (which is a gate on the 284.5 K-conversion 
electrons), as a function of the conversion-electron energies across the gate. The 
peak, in front of the 284K-277 coincidence relation, arises from the indirect coinci­
dence relation between the 205.4M -conversion electrons and the 276.6 keV gammas 
(through the 130.4 keV transition). The bottom  part of the figure shows the same 
for 7 -gated 7 s, where the 205-277 relation cannot be seen, as expected. For the 
norm alization, areas of the 334.8 keV transition were used in the 233.4 keV (7 and 
conversion electron) running gates. Equation 4.6 gives for the K-shell conversion 
coefficient of the 284.5 keV transition a value of 0.56(5). This value is greater 
than the value for the theoretical conversion coefficient of 0.33 for the m ultipo­
larity M l (multipolarities are discussed in the next section). The possibility of 
higher m ultipolarities is elim inated by the fact that the transition is seen in the 
prompt coincidences (with a lifetime less than 10-20 ns). Those arguments indicate 
that the 284.5 keV transition has E 0+ M 1(+ E 2) multipolarity, and is therefore an 
exam ple of a so called E0 transition.
W hile analyzing gates using any of the above m ethods, one needs to pay 
special attention to a few processes that can contribute to the gated spectrum  
beside the counts that are part of the transition intensity one is after. These 
processes are Compton scattering (see Appendix) and a few types of coincidence 
sum ming problems (summ ing with X-rays, 511, and summing between coincidence 
transitions).
4 .3 .8  S u m m in g  in  fclie G a te d  S p e c tr a . Summing of two or more 
events occurs if the signal from some other event comes in while the detector is 
still busy with the first one. The two 7 rays are, in this case, registered as one
event a t an energy corresponding  to  th e ir sum  and  not as th e ir individual ener­
gies. T he  occurrence of sum m ing-e ffect  increases w ith  h igher ra tes , b u t depends 
also on th e  geom etry  and  th e  specific de tec to r. T he sum m ing effect can be seen 
in the  singles and  in th e  coincidence d a ta . Sum m ing can occur betw een any two 
tran sitio n s  accidentally  b u t has m ore p robability  to  happen  betw een a transition  
and an o th er tran sitio n  th a t  is in coincidence w ith th e  first one, an X-ray, a n d /o r  
a 511 keV ann ih ila tion  pho ton . T he  origins of the  last two (X-ray, 511 keV an ­
n ih ilation) are explained in  som e detail in the  section on th e  use of X -rays, 4.3.5. 
T he X -rays come as a by -p roduct of e lectron cap tu re  and the  conversion electron 
processes. T he 511 keV 7 -rays come from  the  process of /3+-decay, which produces 
positrons which th en  an ih ila te . In  the  d e tec to r m edia th e  h ighest p robab ility  for 
th e  ann ih ila tion  occurs w hen the  e +e~ pair is a t rest, thu s  creating  two 7 -rays of 
511 keV and  in th e  opposite  d irections. T he degree of sum m ing betw een a tra n s i­
tion  and  th e  X -rays a n d /o r  th e  511 keV 7 -rays can tell us: 1) abou t the  relation 
of th e  specific tran s itio n  to  th e  ty p e  of f3-decay th a t  led to  it ,  2 ) abou t th e  tra n ­
s ition ’s m ultipo larity , upon  which the  am ount of th e  conversion electron  X-rays 
depend , and 3) th e  possible coincidence w ith  a tran sition  th a t  has a high level of 
electron  conversion (like tran sitio n s  w ith M l or EO m ultipo la rities). F igure 4.19 
shows an  exam ple of the  sum m ing betw een th e  two coincidence transitions in the  
two backg round -sub trac ted  gates. T he top  two sp ec tra  show a gate  a t 439 keV 
in the  first and second ex perim en t, and  are sp ec tra  of th e  7 -, d e tec to r. T he  two 
coincident transitions are 240.3 and  470.3 keV, and th e  sum -peak  is a t 710.6 keV. 
T he value of th e  ra tio  7 ^ ,  w here A + is an a rea  of a sum -peak and Ac; is a sm aller 
a rea  of th e  two coincidence tran sitions  seen in the  ga te , is taken  as a m easure of
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F ig u r e  4.19. T he effect of sum m ing  shown using the  exam ples of the  two 
background -sub trac ted  gates.
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sum m ing. For th e  first experim en t the  ra tio  is 0.059 and for the  second it is 0.076, 
so we can say th a t the  coincidence sum m ing is less th an  8 % in d e tec to r 7 3 .
T he  b o tto m  two sp ec tra  are th e  gate  on th e  1579 keV transition  in the  
first and  second experim en t, both  displaying sp ec tra  for de tec to r 7 2 . T he  two 
coincident transitions are  233.4 and  334.8 keV, and  the  sum -peak  is a t 568.2 keV. 
For th e  first experim ent th e  ra tio  is 0.108 and for th e  second it is 0.084, so we can 
say th a t  th e  coincidence sum m ing is less th an  10% in d e tec to r 7 2 .
T he  X -ray sum m ing is reduced abou t 5 tim es in the  second s ta tion  (72 
and  7 3 ) during th e  second experim en t due to  the  add ition  of th e  filters for X-ray 
reduction .
4.4 M ultipolarity Assignm ents
In order to  assign a m ultipo larity  to  a tran sition  in the  rad ia tive  decay 
ty p e  of study , one needs to  determ ine  the  in te rnal conversion coefficient, a ,  for th a t  
tran s itio n . W hen th e  a  is found, a com parison w ith  the  tab u la te d  values for the  
in te rn a l conversion coefficient for th a t  specific e lectron shell determ ines the  t ra n ­
sition ’s m ultipo larity . T he tab u la te d  values for the  in te rnal conversion coefficients 
for th e  e lectron shells and  subshells up to  L = 5  for th e  individual elem ents are given 
in th e  tab les of F . Rosel et al. , [60]. A few m ethods to  determ ine  a ,  used in the  
d a ta  analysis, are explained below.
T he  in te rn a l conversion coefficient for a specific e lectron shell is the  ra ­
tio  betw een the  e lectron in tensity  and th e  7 -ray in tensity  of th a t  chosen shell (see 
section 2.6.2 for details). T he  m ethods to  find the  relative in tensity  of a single t ra n ­
sition (7 -ray or conversion electron) are explained in Section 4.3.7. T he conversion 
electron in tensities (A e/eff), ex trac ted  from  the  singles and , for th e  m ost p a rt, 
from  th e  coincidence d a ta , were norm alized using the  strong  233.4 keV transition
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of known E2 m ultipo larity . T he norm alization  factor const  =  I v  ] . 1 was
V ' c / C j  J /  2.T1. I
checked on a few o ther strong  transitions of known m ultipo larity , like 240.3 keV. 
T he  relative efficiency for th e  electron d e tec to r was taken  to  be one for th e  electron 
energies up to  1.5 M eV (see Section 3.6). T he in ternal conversion coefficient for 
th e  K -electron shell for th e  strongest E2 tran sition , (cc/p) for the  233.4 keV, was 
taken  from  [60] to  be 0.116 and its relative 7 -ray in tensity  (1^ )  was taken  to  be 
100 un its , in bo th  experim ents.
Parallel to  th e  procedure described above for the  K-conversion electron 
lines, a few o ther possible techniques were used. For some transitions w ith  resolved 
L-conversion lines, th e  ex tra c te d  K-to-L ratio  was com pared to  the  tab u la te d  value 
to  get th e  m ultipo larities of one kind, or th e  percen tage of the  m ixing betw een E2 
and  M l m ultipo larities. For exam ple, to  find th e  percentage of E2 (p) and M l 
(q) in th e  m ixed tran sition , one needs to  m easure the  areas of K and L conversion 
electrons in th e  ga te , and  respectively. S ta rting  from  th e  condition th a t
only E2 and  M l con tribu te  to  th e  m ultipo larity  m ixture:
p  +  q = 100
and th a t  th e  m ixing stays th e  sam e for K and L conversion electrons:
A f _  p  a % 2 + q  o f f1
A e P a L2 +  9 Oi l 1
one gets for the  E2 contribu tion :
a-l11 -  Aj: a ^ 1
p  =  100
A e (a Ln  ~  a L 2 ) +  A e («K - « f )
and  for M l
q =  100 — p.
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All conversion coefficient values (a h \  <*k \  a L2, and aJjj1) are taken  from  the 
tab les [60] for th e  p roper 7  energy of a tran sition .
For a few lines, w here L I ,2 and L3 separation  was possible, th e  L l,2-to-L3 
ra tio  was used in a sim ilar way as described above (L I ,2 denotes L I and  L2 lines 
th a t  were not resolved). As m entioned  in the  previous section, for a few transitions, 
which are p a rt  of a m u ltip le t, th e  runn ing  gate  analysis can also establishe th e  final 
value for th e  conversion coefficient.
Special em phasis in  the  construction  of th e  energy level bands is based on 
th e  transitions w ith  E l  m ultipo larities and especially th e  transitions having m ul­
tipo larities  which contain  sizeable E0 adm ix tu re , so they  are each given a  separa te  
section.
4 .4 .1  M u l t i p o la r i t y  E l  T he d a ta  were carefully searched for the  
p a rity  changing E l  tran sitio n s , which connect bands w ith different parity . Such 
tran sitio n s  are: 1) the  768.0, 625.0, 501.9, 305.4, and 292.1 keV transitions con­
necting  the  1 3 /2+ band  head  and levels in th e  9 /2 “ -f ' / 2 band , or 2) th e  transitions 
1056.0, 1036.0, 853.3, 816.1, 764.4, 236.3, and 185.7 keV which connect levels of 
th e  h n / 2 b and  s tru c tu re  w ith  levels of the  positive parity  Sj/2, d3/ 2, d 5/ 2 s tru c tu re . 
T ransitions w ith  E l  m u ltipo la rity  have characteristic ly  low -intensity  K-conversion 
lines, as is shown in th e  tw o exam ples of F igure 4.20.
T he gate  on th e  376 keV tran sitio n , from  the  d a ta  of th e  second exper­
im en t, is shown in th e  u pper portion  of the  figure, w ith th e  e lec tron-spectrum  at 
th e  top  and th e  7 -ray spectrum  a t the  b o tto m . T he 459 and 625 keV transitions 
are in d irect coincidence w ith the  376 keV transition . T he 459 keV transition  
has th e  in te rn a l conversion coefficient a /\= 0 .0 6 (2 ) , which is a com bination of E2
187Hg i ! 7Au
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F ig u r e  4.20. Two exam ples of transitions having E l  m ultipo larities. T he upper 
two sp ec tra  show th e  625 keV line as a E l tran sition , in com parison w ith the  459 
keV line th a t  has a M 1+E 2 m ultipo larity . T he lower two spectra  show th e  236 
keV line as a E l tran sition , which is com pared to  th e  255 keV transition  th a t  has 
M 1+ E 2  m ultipo larity . In b o th  cases, the  weakness of th e  electron conversion line 
is apparen t.
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and M l m ultipo larities. T he  625 keV transition  has th e  in te rn a l conversion coef­
ficient a /< = 0 .006(2), which establishes th a t  it has E l  m ultipo larity . As the  figure 
shows, the  625 keV tran sitio n  has stronger 7  and  m uch w eaker e lectron in tensities 
th an  th e  459 keV tran s itio n , which suggests th a t  th e  625 keV tran sitio n  has E l  
m ultipolarity .
T he lower p a rt  of F igure 4.20 is a gate  on th e  221 keV tran sitio n  from  
the  d a ta  of th e  first experim en t. As in th e  previous exam ple, th e  236 and 255 
keV transitions are in d irect coincidence w ith  the  221 keV tran s itio n . T he 255 keV 
tran sitio n  has a/< = 0 .40(6), which is a com bination of M l and  E2 m ultipo larity . The 
236 keV tran s itio n , a lthough  w eaker in 7 -in tensity  th a n  th e  255 keV, has alm ost 
no e lectron  in tensity . T he  in te rn a l conversion coefficient for th e  236 is « /<=0.05(2), 
which establishes its m u ltipo la rity  as E l .  A tran s itio n  w ith th e  E l  m ultipo larity  
corresponds to  an  electric dipole oscillation and involves th e  separa tion  of the 
cen ter of m ass and  th e  cen ter of charge in the  nucleus.
4 .4 .2  M u l t i p o la r i t y  EO D a ta  were very carefully searched for the  
“E0 tra n s itio n s” having th e  adm ix tu re  of the  E0, M l, and  E2 m ultipo larities. 
T he E0 tran sitions connect bands w ith  th e  sam e parity , provided th a t  the  s ta tes  
involved are m ixed s ta tes  (see section 5.1 for details). T he  E0 s tren g th  is the  
g rea test for th e  strongly  m ixed s ta tes  w ith different <  r 2 > . E0 tran sitio n s  can only 
occur by th e  in te rn a l conversion process w here th e  o rb its  of the  atom ic electrons 
p e n e tra te  the  nuclear fields, resulting  in a  d irect tran sfer of the  nuclear energy 
to  the  atom ic electrons. T he electron  emission occurs only for th e  nuclear energy 
g rea ter th an  the  b inding energy of th e  p en e tra tin g  electron.
In 18'A u , being a nucleus w ith odd A, transitions w ith I ,= 1 /= half in teger 
(no t 0) can have only a  m ix tu re  of th e  E0 m ultipo larity , beside E2 and M l. In
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th e  d a ta  analysis, only tran sitio n s  w ith th e  in tensity  of th e  e lectron  conversion 
lines g rea te r th a n  these for the  M l m ultipo la rity  a t the  sam e energy are taken  as 
cand idates for tran sitions  having a m ix tu re  of the  EO stren g th . Only th e  additional 
m easu rem en t of th e  m ixing ra tio  for th e  specific tran sitio n , done for exam ple in the  
nuclear o rien ta tion  type  of experim en ts, can tell th e  am ount of th e  m ixing including 
all th ree  com ponents: th e  EO, M l, and  E2. T ransitions w ith  an EO com ponent, like 
th e  270.9, 284.5, 322.9, 388.2, and  478.1 keV tran sitio n s , connect bands built on the  
9 /2 “ and  th e  (9 /2 _/ of the  hg/2-f7 /2 s tru c tu re . T he 437.9 and 657.3 keV transitions 
connect bands built on th e  1 1 /2 “ and th e  l l / 2 ~ ' of the  h n / 2 s tru c tu re . F inally  the
387.7 and  391.9 keV tran sitio n s  (toge ther w ith  cand idates 398.3, 575.8, and 791.0 
keV  w ith  m arg inal values of experim en tal conversion coefficients) connect bands 
in th e  S]/2, da/2, d s/ 2 positive p a rity  s tru c tu re . F igure 4.21 shows th e  388.2 keV 
tran s itio n  w ith  th e  EO com ponent in two ways: showing th e  388 keV in the  to ta l 
p ro jec tion  of th e  coincidence d a ta  (ungated  spectra) and in th e  ap p ro p ria te  gates. 
T he  two sp ec tra  a t the  b o tto m  of F igure  4.21 are 7 -ray and  electron pro jections 
(u ngated  spectra) of th e  coincidence d a ta , while the  top  two sp ec tra  are 7 -ray 
and  electron  spectrum  of th e  gate  taken  on th e  233.4 keV transition . Beside the  
obvious advan tage  of th e  ga ted  over th e  unga ted  sp ec tra  in th e  “cleaning” up of 
th e  sp ec tru m , the  ga ted  ones provide a precise way of calcu lating  the  in tensities 
of 7 -ray  and  electron peaks corresponding to  the  388.2 keV tran sitio n  (show n 
in section 4.3.7). T he calcu lation  gives th e  value a/<(388.2) =  0.96(11), which 
should be com pared  to  a value of 0.14 for th e  for th e  sam e energy w ith  an
M l m ultipo larity . E lectron  sp ec tra  in the  figure are shifted  by the  80.7 keV (the  
binding energy for the  K-shell electrons in A u). T he 233.4 keV transition  has 
th e  334.8 keV tran s itio n , beside the  388.2 keV , in d irect coincidence. T he 334.8
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F ig u r e  4.21. A portion  of ga ted  and ungated  (p ro jection ) conversion electron 
and  7 -ray spectra , from th e  second experim en t, showing th e  388.2 keV and the  
334.8 keV transitions. T he 388.2 keV transition  has m ultipo larity  w ith an EO 
com ponent, which is com pared to  the  335 keV transition  th a t  has E2 m ultipolarity . 
a / s (388) =  (18± 3) a^-(335).
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Figure 4.22. A portion  of ga ted  7  and conversion electron spectra  showing the  323 
keV transition  a t the  top , and the  478 keV transition  a t the  b o tto m , as exam ples 
of a strong  and a weak tran sition  w ith an EO com ponent. See details in the  tex t.
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keV transition  has m u ltipo la rity  E2 and  a/<-(335) =  0.054(9), and  can serve as a 
com parison line for th e  388.2 keV transition .
F igure  4.22 shows ano ther two tran sitions  w ith  EO com ponents, th e  323 
keV and  the  478 keV transitions. These are  rep resen ted  by th e  7 -gated  gam m a 
and  th e  7 -gated  electron  spectra . T he  top  two sp ec tra  are ga ted  on th e  298.6 keV 
tran s itio n  and show th e  271.2 and 322.9 keV transitions  as d irect coincidences. 
T he 271.2 has a k  =  0.09(3) and E2 m ultipo larity , while th e  322.9 has an EO 
com ponent since a/< =  0.62(7) where M l theo ry  is 0.24. T he two sp ec tra  at the  
b o tto m  are bo th  gated  on th e  334.8 keV tran sitio n , showing th e  470.2 and 478.1 
keV  transitions as d irect coincidences. T he 470.2 has «/<- =  0.07(3) (M 1+ E 2), 
while th e  478.1 has =  0.24(11) and thus an E0 com ponent M l theo ry  is 0.09).
A portion  of the  conversion electron  and  the  7 -ray  sp ec tra  for the  657.3 
keV transition  w ith an E0 com ponent, can be seen in F igure  4.9. N inety  percen t of 
th e  in tensity  of th e  657 keV peak from  th e  singles fitting  corresponds to  the  657.3 
keV tran sitio n .
For a  few tran sitio n s , which are  p a rt  of a m u ltip le t, th e  in te rn a l con­
version coefficients were calculated  using th e  runn ing  g a te  m ethod  explained in 
Section 4.3.7; th e  284 keV tran sitio n  is shown in F igure 4.16 as an exam ple.
T he in te rn a l conversion coefficients for transitions in 18'A u  are shown in 
F igure 4.23. T he  tran sitions  w ith an E0 com ponent, and those having E l  and E2 
m ultipo larities  are draw n w ith  th e  error bars.
4.5 Iteration  Procedure
B oth  experim ents produced th e  1 3 /2 + m etas tab le  s ta te  and  th e  3/2~ 
ground s ta te  of 18'H g , w ith the  first experim ent producing  m ore of th e  ground s ta te
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F ig u r e  4.23. T he plot of th e  in te rnal conversion coefficients, for th e  K -electron 
shell, for some transitions in l8 'A u . T he values for the  in te rnal conversion coef­
ficient for all transitions are given in Tables 4.5 and 4.6. T he theore tical a/<- for 
M l, E2, and E l  m ultipo larities are presented  w ith  th e  solid lines. T he values for 
th e  experim en tal a k  for transitions w ith an EO com ponents, and those having E2, 
and E l  m ultipo larities have error bars.
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and  th e  second m ore of th e  m etastab le  s ta te . T he m easure of the  relative am ounts 
of th e  p roduced  ground 18'sHg and m etastab le  18,mHg sta tes  can be quan tita tive ly  
expressed using rela tive in tensities of th e  two transitions in th e  decay of 18'H g , one 
representing  th e  high spin tran s itio n  and the  o ther th e  low spin. T he 233.4 keV is 
th e  high spin tran s itio n  and  203.4 keV is the  exam ple of th e  low spin transition . 
If  the  relative 7 -ray in tensity  for the  233.4 is norm alized to  100 un its in both  
experim ents, th e  203.4 keV has a relative 7 -ray in tensity  of 47 and 12 un its , in the  
first and  second experim en t, respectively. T h a t is why th e  rela tive in tensity  of a 
specific tran sitio n  in e ither experim ent is the  sum  of th e  in tensities gained from  
th e  parallel decay of bo th  levels in th e  18'H g . In  such a case w here m ore th a n  one 
level in th e  p a ren t /3-decays, every experim ent will have a different com bination 
of con tribu tions from  these levels to  th e  to ta l in tensity  of daugh ter transitions. It 
is h a rd , if no t im possible, to  com pare these kind of experim en ts  on th e  bases of 
such tran s itio n  in tensities. Only after one separa tes th e  con tribu tions from  the  
different /3-decaying pa ren t levels can in tensities from  th e  different experim ents 
becom e com parable.
T he p rocedure to  separa te  tran sition  in tensities, gained from  th e  ,/3-decay 
of th e  ground and th e  m etastab le  s ta te  of 18'H g , was perform ed after analysis 
a lready  established a decay schem e w ith spin assignm ents and  relative tran sition  
in tensities for b o th  experim ents. T he first step  of th e  ite ra tio n  p rocedure was to  
find levels in 181 Au th a t  could be reached by only one decaying level of 18'H g. 
T he  strongest tran sitions , connecting those levels, were th en  selected as th e  pure  
low spin (genera ted  from  th e  decay of th e  3 /2~  level only) and  the  pure  high spin 
tran sitions (genera ted  from  th e  decay of 13 /2 + only). T he ra tio  of the  relative 
in tensities from  the  two experim ents for such transitions stays th e  sam e during
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th e  ite ra tio n . This ra tio  for th e  transitions, which do not have any o ther 7 -ray 
feeding, shows how m uch of one or the  o th er paren t level was produced  during 
experim ents. Such ratios can th en  be used to  separa te  the  relative in tensities of 
th e  m ixed tran sitions  genera ted  from  th e  decay of b o th  p a ren t levels produced 
during  the  experim ents.
T he ratios of th e  rela tive in tensities for th e  pure  tran sitions  from  the  
tw o experim en t define the  tw o constan ts, C ,s and  Cha. Let I 7 deno te  th e  relative 
in tensity  from  th e  first experim en t and I 77 denote  th e  relative in tensity  from  the  
second experim en t. T hen  th e  constan t C7% calcu lated  from  th e  pure  low spin 
tran sitio n s , represen ts an average of th e  ratios of the  form  j r ,  while the  o ther 
constan t C hs is an average of th e  ratios for the  pure  high spin transitions of the  
form  jjj. T he  p rocedure uses these two constan ts  in the  way described in the  
following ch a rt, s ta rtin g  w ith  th e  rela tive in tensities for a tran sitio n  from  bo th  
experim en ts  ( I7 and  I 77). T he  p rocedure runs un til chosen convergence does not 
ap p ear, deno ted  in the  ch art by th e  2n77' step . T he final two num bers in the  
ite ra tio n  p rocedure rep resen t th e  separa te  in tensities, I7s =  I7„s and  I7,J’ =  1(1'% for 
the  specific tran sition . T he  ite ra tio n  p rocedure can s ta r t  from  e ither in tensity  
( I7 or I 77), b u t it requires a  sm aller num ber of ite ra tions  if the  constan t th a t  has 
g rea te r value is used first. T he  ite ra tio n  p rocedure was used to  separa te  the  7 - 
ray  rela tive in tensities from  th e  two Hg ^ -decay ing  s ta tes . T he sep ara te  electron 
in tensities were calcu lated  using in te rnal conversion coefficients de term ined  from  
th e  d a ta  p rior to  th e  ite ra tio n  (they  are not change by th e  ite ra tio n ), and  the  7 -ray 
rela tive in tensities sep ara ted  by the  ite ra tio n . For m ore details abou t th e  electron 
in tensities see th e  nex t section.
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I te ra tio n
1  , t  j / ,  =  j /  .
2 nd I '1* =  I "  - (I'"*C'*)
3rd I '/ =  I 1 - (I*S*C ',S)
4 l h  j / , . ,  =  J / /  .  Q b t Q / . , )
2nt/,-l I|f = V - (l*'_l*Cha)
2nth I*s =  I "  - ( I ^ +C/s)
t / i .«   r h s  t / .s   t IsI Lfl 1 Xn
4 .5 .1  S e p a r a t io n  o f  t h e  ,a ' mH g  a n d  18'9H g  D e c a y s  Tables 4.5 
and  4.6 list separa ted  rela tive 7 -ray and electron in tensities for th e  transitions 
draw n in th e  decay schem e and those not shown in th e  decay schem e, respectively. 
In tensities  in Tables 4.5 and  4.6 are  relative in tensities for the  tran sitions from  the  
18'9Hg decay and  from  th e  18' mHg decay, sep ara ted  in to  tw o colum ns. In  th e  18'9Hg 
decay all th e  in tensities are given relative to  th e  203.4 keV tran sitio n  being 100 
u n its , and  in th e  18,mHg decay all the  in tensities are given relative to  th e  233.4 keV 
tran s itio n  being 100 un its. T he erro r in the  last repo rted  digits of the  in tensity  is 
given by the  num bers in paren theses.
T a b le  4.5: G am m a and electron intensities in 18'A u , after ite ration , for 187Hg decay
i:-.
(keV)
1Sl!>|Ijr decay 
U (AI-,)*) [e (A Ie)
l8rm IIg decay 
U  (A I7 )6) h  (A le)
<*K
Tile,
E2
>rv[6 ll]
Ml
M ultipolarity 1,
io,-
(keV) (keV)
19.5 3 /2  + 1 / 2 + 19.5 0 . 0
36.9 15.(5)T ■1.7(20)T 5/2+ 3/2  + 200.3 203,1 1-
50.7 21.7(60) r o .9 (iy r 5/2+ 5/2+ 291.0 2 10.3 1-
51.2 30.(15) r 5 /2 - 9 /2 - 171.8 120.5 3-m
90.5 3.(1 )T 1 7/2+ 1071.2 1.380.8 3-m
1 0 1 . 0 699.(55)T 678.(50)T E.3 9 /2 “ .3/2+ 120.5 19.5
103.3 22.5(30) 1.5(5)1,12 1.6721 0.9399 76% E2+M l 1 / 2 - 5 /2 - 275.0 171.8 ■»-K
103.1 8.7(1) 22.0(15) 0.99(8)1,12 1.6652 0.9173 81 %M 1 +  E2 1 1 / 2 " 9 /2 " 223.9 120.5 2 -
117.5 0.50(15) 0.31(10) 0 .6 8 (2 1 ) 0.5 176 .3.9397 E2+M1 9 /2 - 7 /2 - 993.3 325.9 3-tn
1 2 2 . 0 0.15(15) 0.-15(16) 1 .0 ( 1) 0.5116 .3.5973 M l+ 1 0 2 1 3 /2 — 1 1 / 2  — 702.1 619.8 3-m
127.1 0 .8 (2 ) 0.56(9) 0.7(2) 0.-I712 3.1338 1 0 2  +  Ml 1 5 /2 - 1 7 /2 - 816.0 688.7 3-m
129.7 0.75(20) 1.5(1) 0.27(10) 0.5-1(15) 2.0(7) 0.1550 2.9789 7/2+ 5/2  + 633.7 50.3.8 1-
130.1 •1 .0 ( 1 0 ) 6 . 1( 1 2 ) 1.6(3) 0.9501 2.9.335 1 0 2 +M I 5 /2 - 7 /2 - 956.2 325.9 •1-1!
131.8 0.55(10) 0.1 1(9) 0 .8 ( 2 ) 0.9-106 2.8956 I0 2 + M 1 1 1 / 2 - 1.3/2 — 881.2 719.3 2 -m
133.7 0.7(3) 0.56(12) 0.8(5) 0,1281 2.7.319 102+M 1 9/2  + 7/2 + 767.0 6.33.7 1-m
135.1 0.15(15) 0.23(1 1) 0.5(3) 0,1171 2.6359 7/2 + 7/2  + 1015.0 880,1 1-m
138.5 0.19(10) 0.29( 12) 0 .2 0 ( 1 0 ) 0.12(5) 0.6(3) 0.3980 2,171 I 7/2 + 7 /2  + 6.33.7 195.6 1-
1 10.7 0.15(5) 0.33(8) 2.2(9) 0.3819 2.3629 (M 1+E2) 1 3 /2 - 1 5 /2 - 956.7 816.0 3-m
1 -1 2 . 6 2.05(20) 3.9(8) 1.9(5) 0.3731 2.2736 M 1 (+ E 2 ) 1 1 / 2 - 13/2 — 196.8 353.9 3-m
1-12.7 0 .6 ( 2 ) 0.30( 15) 0.5(3) 0.3735 2.2700 102 +  M 1 7 /2 - 5 /2 - 597.8 956.2
1-18.3 0.50(20) loo weak 0.3351 2.0069 17/2+ 1 9 /2 - 1380.8 1232.7 ■1-m
1-18.8 1 . 1 ( 2 ) 0.3.3(10) 0.3(1) 0.3310 2.0159 (1 0 2 ) 1 1 / 2  + 7/2+ 1 160.6 1015.0 1-m
153.3 17.8(22) 9.8(15) 0.55( 17) 0.3192 1.8528 E2+M1 .3/2- 1 / 2 - 328.2 275.0 •I-g
153.7 15.9(19) 2 0 .0 ( 1 0 ) 1.1(3) 1.15(8) 1.32(9) 0.3173 1.8392 M1+E2 7 /2 - 5 /2 " 325.9 171.8
15 1 . 0 0.3(1) 0.12(5) 0.10(18) 0.3160 1.8221 ( 1 0 2 ) 1 1 / 2 + 7/2+ 1121.3 965.6 l-m
170.1 0 .6 (2 ) obscured 0.2502 1.3737 7 /2 - .3 /2 - 597.8 028.2 •i-K
171.7 0.55(15) 0.19(6) 0.5 (.3) 0.2358 1.3356 1 1 / 2 - 7 /2 - 096.8 325.9 3-m
176.5 0.3(1) 0.25(8) 1 . 0  (6 ) 0.2305 1.2532 M 1 + E 2 1 1 / 2 - 9 /2 - 619.8 993,3 3-rn
181.0 0.15(10) 0 . 1 1 (6 ) 0.2 1(13) 0.2168 1.1603 E2+M1 1.3/2 + 1 1 / 2 + 1139.5 968.3 1 -m
181.1 7.5(20) 1.65(66) 0 .2 2 (8 ) 0.2156 1.15.31 E 2 5 /2 " 1 / 2 - 956.2 275.0 d-S
183.7 1.36(60) 0.16(12) 0 .0 2 ( 1 ) too weak 0.31(10) 0.2092 1.1131 85%I02+M 1 3/2+ 3/2+ 203.9 19,5 1-
185.7 3.9(9) 0.27(8) 0 .6 ( 1 ) too weak 0.07(2) E l: 0.0709 101 7 /2 " 5/2+ 976,1 291.0 2 _
192.3 0.9(2) 0.30(12) 0.51(20) 0.17(8) 0.33(17) 0.1873 0.9793 E2+M1 5/2+ 7/2 + 687.0 995.6 1-
192.6 0 .8 ( 2 ) 0.26(15) 0.3.3(20) 0.1865 0.9750 (102+M 1) 7/2+ 5/2  + 880,1 687.0 l-i?
( t a b l e  c o n \ l . ) C O
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T a b le  4.5: C ontinued
E-t
(keV)
U7«llg  decay 
I-, (A U ) '1) Ie (A I,)
1 til m 1 jjr decay 
i ,  ( A I , ) h) Ic (AI„)
Tllei iry[60]
M2  Ml
M ultipolarity I, 1/
Ef
(keV)
E /
(keV)
136.0 0.65(20) 0 . 1 1 (8 ) 0.17(9) 0.1787 0.9285 E2 15 /2 _ 1 1 / 2 “ 816.0 619.8 3-m
196.9 0 .8 (2 ) 0.30(7) 0.37(1 1) 0 .1 768 0.9167 E2+.M1 1 1 / 2  + 1 1 / 2 + 1164.6 968.3 1-m
203.4 100.(7) 80.(9) 1.9(6) 1.52(16) 0 .8 ( 1 ) 0.1632 0.8373 Ml 3/2+ 1 / 2 + 203.4 0 . 0 1 -
205.1 42.2(40) 23.6(30) 2.8(7) 1.57(20) 0.56(10) 0.1593 0.81 18 E2+.MI 7 /2 - 9 /2 “ 325.9 120.5 3-
207.8 0.45(10) 0.07(2) 0.16(6) 0.1548 0.7889 (E2) 1 1 / 2 - 15 /2“ 881.2 673.4 2 -m
208.4 3.5(7) 1.6(9) 0.46(21)11 0.1527 0.7771 (Ml 4- 1: 2 ) 3 /2 “ 1 / 2 “ 754.5 545.9 :>-g
215.3 0 .6 ( 1 ) 0.3(1) 0.50(19) 0.14 19 0.71 18 M I+ E 2 9 /2  + 7/2+ 710.7 495.6 1-m
2 2 0 . 8 47.6(32) 9.7(14) 16.5(20) 3.3(5) 0.203(29) 0.1333 0.6665 88%F.2 +  M1 5/2+ 3/2+ 240.3 19.5 1-
233.4 100.(4) 1 1 .6 ( 13) 0.116(1 1) 0 . 1  161 0.5716 M2 13/2 — 9 /2 “ 353.9 120.5 3-m
236.3 5.7(4) 0.28(7) 0.7(1) l.<»o weak 0.05(2) Ml: 0.0393 El 7 /2 - 5/2+ 476.4 2 10.3 2 _
2 10.3 66.(5) 7.9(12) 2 1 .(2 ) 2.3(4) 0 . 1 2 (2 ) 0.1080 0.5271 E2 5/2  + 1 / 2  + 240.3 0 . 0 1-
245.1 1 . 1 (2 ) 0.29(6) 0.26(6) 0.1028 0. 1995 E24-M1 13/2“ 1 1 / 2 “ 742.1 496.8 3-m
247.6 1.45(20) 0.36(7) 0.25(8) 0.1003 0.4857 M 1 +  E 2 5/2+ 5/2 + 934.5 687.0 1 -m
252.5 21.1 (30) 1.9(3) 3.7(9) 0.33(4) 0.09(2) 0.0955 0.4602 E2 7 /2 " 1 1 / 2 “ 476.4 <) 2 -
255.2 6.3(4) 2.5(5) 6.2(3) 2.5(5) 0.40(6) 0.0930 0.4470 78%.M1 +  E 2 7/2+ 5/2  + 495.6 240.3 1-
256.4 15.7(13) 2 .8 ( 8 ) 0.18(6) 0.0922 0.4427 E2+M I .3 /2 - 5 /2 “ 428.2 171.8 ■i-H
257.4 1.85(10) 0.31(8) 0.17(4) 0.0910 0.4365 E2+M1 1 1 / 2  + 9/2+ 968.3 710.7 1-m
259.2 1.35(20) 0 . 1 2 (8 ) 0.09(6) 0.0895 0.4283 E 2 17/2 + 13/2 + 1380.8 1 1 2 1 . 8 3- tn
263.8 2.0(5) 0.40(16) 0.20(9) 0.0857 0.4081 E2 + M 1 5/2  + 5/2  + 503.8 240.3 1 - 8
265.9 1 . 1 (2 ) 0 .2 2 (8 ) 0 .2 0 (8 ) 0.0810 0.3993 E2FM1 1 1 / 2 “ 13/2“ 619.8 353.9 3-m
270.9 19.9(25) 11.7(23) 0.59(7)R 0.0802 0.3795 E o+M l ( +  K2 ) 1 / 2 “ 1 / 2 “ 545.9 275.0 3-g
271.2 7.5(7) 0.7(2) 0.09(3) 0.0798 0.3772 E2 9 /2 “ 5 /2 “ 143.3 171.8 3-m
271.5 83.(8) 34.9(65) 3.3(9) 1.1(3) 0.42(8) 0.0800 0.3783 M1+E2 5/2  + 3/2+ 291.0 19.5 1-
271.6 4.2(5) 0.55(9) 0.13(3) 0.0797 0.3768 E 2 + M 1 9 /2  + 7/2 + 767.0 495.6 1 -ni
272.1 3.3(6) 1 .2 ( 2 ) 0.37(10) 0.14(2) 0.37(8)R 0.0793 0.3745 Ml 7 /2 - 7 /2 “ 597.8 .325.9 3-
275.4 2.7(5) 0.30(6) 0.11(3) 0.0770 0.3628 76%E2+M 1 5/2+ 778.6 503.8 1 - 8
276.6 4.8(7) 1.9(5) 0.4(1) 0.0762 0.3585 (M l) 5 /2 “ 5 /2 “ 7.32.5 456.2 ■1 - 8
278.7 4.2(6) 1.5(3) 0.36(7) 0.0748 0.3512 Ml 5 /2 “ 7 /2 “ 876.8 597.8 i- 8
283.7 2.8(4) 0.76(13) 0.27(4) 0.0716 0.3346 M 1 +  E 2 13/2+ 13/2+ 1405.5 1 1 2 1 . 8 3-m
284.2 0.9(2) 0.067(22) 0.075(23) 0.0713 0.3329 E 2 1 1 / 2 + 7/2+ 1164.6 880.4 1 -m
284.5 18.4(21) 9.6(19) 0.52(6)R 0.0711 0.3320 E0 + M 1 (+E2) 5 /2 “ 5 /2 " 456.2 171.8 1 - 8
289.5 1.55(20) 0.16(5) 0.10(4) 0.0681 0.3166 (E 2 ) 7/2+ 3/2+ 880.4 590.9 1-m
291.0 1.9(6) obscured 0.06(2) obscured 0.0673 0.3121 5/2  + 1 / 2 + 29 1.IJ 0 . 0 1-
292.1 0.7(1) 0 .0 2 ( 1 ) 0.028(14) E l: 0.0237 El 13/2 + 1 1 / 2 ” 1 1 2 1 . 8 829.3 3-m
( t a b l e  o > n \ l . )
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Table 4.5: Continued
I'-,
(keV)
1 8 11(5 decay 
U, { M y ) ' 1) b  (A b )
1 87m 11(5 decay
b  (At-,)*') b  (A b )
K
riie(iry[6 0 ] 
E ‘> Ml
M ultipulari ty I;
E,
(keV)
'V
(keV)
292.2 0.9(2) 0.06(2) 0.3(1) t.oo weak 0.07(2) 0.0666 0.3087 i:> 7/2+ 3/2  + 195.6 203.1 1 -
29-1.5 0 .6 ( 1 ) 0.03(1) 0.05(2) 0.0653 0.3022 F 2 1 1 / 2  — 7 /2 - 619.8 325.9
298.1 5.8(8) 1 .2 (6 ) 0.21(15) 0.0628 0.2891 M I+ F 2 3 /2 - 5 /2 - 751.5 156.2 d-K
298.6 9.9(1) 0 .8 (2 ) 0.08(2) 0.0631 0.2910 E2 1 3 /2 - 9 /2 “ 712.1 113.3 5-m
299.6 3.0(5) 0.39(10) 1 . 2  ( 2 ) 0 . 1 1 ( 1) 0.13(7) 0.0626 0.288 1 M 1 + F 2 .3/2+ 5/2  + 590.9 291.0 1-
3011.3 1-2 (2 ) 0.31(17) 0.08(1) 0.0623 0.2866 (F/2 + M1) 5/2  + 3 /2  + 50.3.8 203.1 i-g
301.5 1 .8 ( 2 ) 0.15(18) 0.25(15) 0.0602 0.2760 (M l) 3/2+ 5/2  + 595.3 291.0
305.1 1.5(2) 0.05(2) 0.03(1) r:i: 0 .0 2 1 - 1 (F.l) 13/2+ 1 5 /2 - 1 1 2 1 . 8 816.0 '1-m
305.8 1 .8 (2 ) 0.27(5) 0.15(3)11 0.0596 0.2728 M l+F.2 1 3 /2 - 1 1 / 2 - 1187.0 881.2 2 -m
319.2 7.0(2) 0 . 1( 1 ) 0.057(15) 0.0537 0.2 129 [ - 2 1 5 /2 - 1 1 / 2 - 816.0 196.8 •'l-m
322.9 13.1(5) 8.3(10) 0.62(7) 0.0522 0.235-1 Eo+M  I ( + F,2) 9 /2 - 9 /2 - 113.3 120.5 .1- rn
326.2 6.30(75) 1.32(30) 0.21(5) 0.0507 0.2279 Ml 3 / 2 - .3 /2- 75 1.5 128.2 •'bg
327.0 0.9(1) 0-19(7) 0 . 1( 1 ) 0.06(3) 0.16(9) 0.0506 0.2275 M I+ F 2 5/2  + 7/2 + 822.7 195.6 1-
328.1 0.95(1 1) 0 .2 1 (6 ) 0.22(9) 0.0503 0.2260 Ml 5/2  + 1015.0 687.0 1-m
330.9 -1.2 ( 1) obscured 0.0 192 0 . 2 2 0 1 5 /2 - 1 / 2 - 876.8 5 15.9 ■*-g
331.8 0.55(20) 0 . 1 2 (8 ) 0.22(19) 0 . 0  189 0.2187 (M l) 13 /2  — 1 5 /2 - 11 17.8 816.0 :i-rn
331.9 0.85(10) 0 . 1  1(6 ) 0.17(9) 0.0 185 0.2166 MI+IC2 7/2  + 7/2 + 965.6 633.7 1-m
332.3 1 .6 (2 ) 0.30(10) 0.19(6) 0 . 0  187 0.2179 Ml 1 1 / 2 - 1 1 / 2 - 829.3 196.8 .'1-m
331.8 17.5(3) 0.95(5) 0.05 1(9) 0.0 178 0.2135 1-72 1 7 /2 - 1 3 /2 - 688.7 353.9 '1-m
335.7 3.3(9) obscured 0.0 175 0 . 2 1 2 0 5 /2 - 9 /2 - 156.2 120.5 d-g
336.7 2.3(1) 0.37(5) 0.16(2) 0.0 172 0.2103 F 2 +MI 1 3 /2 - 1 1 / 2 - 956.7 619.8 :s-m
3 12.6 1.5(3) 0 .2 0 (6 ) 0.65(10) 0.08(2) 0.13(1) 0.0 153 0.2007 F.2 + M 1 7/2  + 5/2+ 633.7 291.0 1-
313.6 1.25(15) 0.15(1) 0 . 1 2 ( 1) 0.0 150 0.1991 M l+F.2 5 /2  + 3/2+ 931.5 590.9 1 -m
317.9 1 . 1 ( 2 ) 0 .2 2 (6 ) 0.20(7) 0.0 137 0.1925 (M l) 5/2+ 5/2 + 638.9 291.0 1-g
319.5 1.5(6) 0.86(9) 0.18(3)11 0.0 132 0.1903 Ml 13/2 + 1 171.2 1 1 2 1 . 8 :i-m
.350. 1.5(3) 0.15(7) 0.15(9) 0.05(3) 0 . 1 0 (6 ) 0.0 130 0.1895 (M 1+R2) 3/2+ 5/2  + 590.9 2 10.3 1 -
351.9 0 .8 ( 1 ) 0.16(2) 0.20(3) 0.0 125 0.1867 Ml 7 /2 " 950.5 597.8 ■1-m
355.3 2 . 1 (6 ) 0 . 1 2 ( 1  1) 0 .2 0 (8 ) 0.0115 0.1820 (M l) 3 /2  + 5/2+ 595.3 210.3 l-g
360.1 1.3(2) 0.0-15(9) 0.035(10) 0 . 0 1 0 1 0.1751 E 2 9 /2 - 1 3 /2 - 1317.1 956.7 .'1-m
363.3 2 . 1 (2 ) 0.10(5) 0.05(3) 0.0391 0.171 1 (F2+M 1) 9 /2 - 7 /2 - 810.3 176.1 2 -m
361. 0.7(2) 0.07(2) O.IO(-I) 0.0392 0.1705 F 2  + M 1 1 3 /2 - 15 /2“ 1357.5 993.3 3-m
366.5 0.95(15) 0.09(3) 0.09(1) 0.0386 0.1675 F/2 + M 1 9 /2 - 1317.1 950.5 3-m
371.3 1.15(30) 0.07(2) 0.05(2) 0.0371 0.1617 (F/2+.M1) 9 /2 “ 1126.5 755. 1 3-m
373.6 0.95(15) 0 .0 1 ( 1 ) 0 . 0  1( 1 ) 0.0369 0.1590 ( 1--) 15/2 — 1 1 / 2 - 993.3 619.8 3-m
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i 8 7 »H r decay l8rm IIg decay
------ -------- ----- '*/C
(keV) Ie (A IC) b  (AI-,)*) \c (AI,.)
138.9 1.5(1) 0.06(2) 0.013(15
116.5 2 . 1 ( 2 ) 0.1 1(3) 0.05(1
-M6.9 3.0(2) 0.27(7) 1.5(1) 0.14(3) 0.09(3
■118.3 1.0(5) 0.24(13) 0.06(3
119.2 26.0(15) 0.63(15) 0 . 0 2  1 ( 6
350.1 3.5(15) 0.3(2) 0.09(6
455.3 1.55(20) 0.06(4) 0.038(25
157.8 9.(2) 0.36(29) 0.04(3
159.1 4.7(2) 0.28(9) 0.06(2
162.1 1 1 .8 (6 ) 0.59(10) 0.050(9
467.7 1 .0 ( 2 ) 0.05(1) 0.05(2
470.2 0.9(2) 0.06(2) 0.07(3
470.3 27.1(5) 0.62(10) 0.023(4
472.8 11.3(2) 0.23(5) 0.020(5
475.1 2.0(3) 0.16(5) 0.08(3
476.0 2 2 .6 ( 2 1 ) 0.5 1(9) 23.(2) 0.55(9) 0.024(5
476.3 3.6(4) 0.08(3) 0.022(9
478.0 11.1(5) 0.57(19) 0 .8 ( 1 ) 0.04(1) 0.05(2
478.1 0.25(10) 0.06(2) 0.24(10
479.6 0.55(10) 0.017(8) 0.03(2
480.1 3.6(5) 0 .2 2 (6 ) 0.06(2
480.6 1.30(15) 0.04(1) 0.031(13
183.7 2.1(3) 0.07(2) 0 .8 ( 2 ) 0.02 1(7) 0.03(1
484.3 6.9(9) 0.55(18) 0.08(3
486.4 1.75(20) 0.04(1) 0.023(6
487.7 1 . 1( 2 ) 0.06(2) 0.042(16
493.2 0.67(15) 0.016(9) 0 . 0 2  1(15
494.6 0.7(1) 0.05(1) 0.07(2
499. 0.9(2) 0.036(2 1) 0.04(3
499.4 19.6(9) 0.67(10) 0.034(6
501.9 3.1(2) 0.022(9) 0.007(3
502.9 0.80(15) <0.07(3) <0.09(5
503. 0.60(15) obscured
503.6 9.3(4) 0.19(9) 0 .0 2 ( 1
Table 4.5: Continued
lheury[60]
1 : 2  M 1
M ultipolarity li >/
F,
(keV) (keV)
0.0254 0.1036 K2 +M 1 5 /2  + 7/2 + 934.5 495.6 1-m
0.0245 0.0990 F 2 + M 1 13/2 + 1568.3 1 1 2 1 . 8 .'i-rn
0 . 0 2  14 0.0988 Ml 5 /2  + 5 /2  + 687.0 240.3 1-
0.0242 0.0978 M 1 + F 2 1 1 / 2 ~ 1.3/2- 1 197.6 749.3 2 -m
O.U241 0.0973 F 2 15/2“ 1 1 j 2 - 673.1 223.9 2 -m
0 . 0 2  1 0 0.0972 (M l) 1 1 / 2 ~ 674.0 223.9 2 -m
0.0234 0.09 11 (K2 ) 17/2 + 13/2 + 1604.8 1149.5 l-m
0.0231 0.0927 (K2 ) 5 /2 - 1 / 2 - 732.5 275.0 ■!-s
0.0230 0.0919 F.2 +M! 13/2 — 1 1 / 2 - 956.7 496.8 .'i-m
0.0227 0.0905 60% F2+M  1 I 5 /2  — 13/2 — 816.0 353.9
0 . 0 2 2 1 0.0876 F 2  + MI 13/2 + 1 590.5 1 1 2 1 . 8 .’J-rn
0.0218 0.0864 M 1+F2 17/2“ 1 7 /2 - 1 158.9 688.7 3-m
0.0218 0.086 1 F2 9 /2  + 5/2+ 710.7 240.3 1-m
0.0215 0.0852 F 2 1 1 / 2  + 7/2+ 968.3 495.6 1-m
0.0213 0.0839 Ml 1 1 / 2 - 1 3 /2 - 829.3 353.9 i-m
0 . 0 2 1 2 0.0837 F2 7/2  + .3/2 + 495.6 19.5 1-
0 . 0 2 1 2 0.0835 F 2 9 /2  + 5 /2  + 767.0 291.0 1 - m
0 . 0 2 1 0 0.0827 F2+M  1 7 /2 - 9 /2 “ 597.8 120.5 :i-
0 . 0 2 1 0 0.0827 F o + M l( +  F 2 ) 1 7 /2  — 1 7 /2 - 1 167.1 688.7 .'l-m
0.0209 0.0820 (152) 9 /2 “ 1.3/2- 1228.8 7 19.3 2 -rn
0.0208 0.0818 M l+ F . 2 3 /2 - 1 / 2  — 754.5 275.0 ■’I-*
0.0208 0.0816 F2(+M  1 ) 11 / 2  + 1601.3 1121.3 1-m
0.11205 0.0802 F 2 (+ M l) 5/2+ 3/2+ 687.0 203.1 1-
0 . 0 2 0  1 0.0799 Ml 5/2+ 3/2  + 503.8 19.5 1-S
0 . 0 2 0 2 0.0790 F 2 1 1 / 2  + 7/2 + 1 121.3 63.3.7 1 -m
0 . 0 2 0 1 0.0785 F 2 +MI 9 /2 - 1 1 / 2 - 984.9 196.8 .'i-rn
0.0196 0.0762 F2+.M1 1 5 /2 - 2.300.5 1807.6 2 -m
0.0195 0.0757 Ml 9 /2  + 9 /2  + 1205.5 710.7 I-m
0.0191 0.0739 (F2+.M 1) 11 / 2 ~ 1380.0 881.2 2 -rn
0.0191 0.0738 F 2 + M 1 1 1 / 2 - 9 / 2 - 619.8 120.5 .i-m
F l: 0.0071 El 1.3/2+ 1 1 / 2 - 1 1 2 1 . 8 619.8 3-m
0.0188 0.0721 M l+F.2 2318.8 1815.9 2 -m
0.0188 0.0721 1 1 / 2 “ 7 /2 " 829.3 325.9 3-m
0.0187 0.0722 (152) 5/2+ 1 / 2 + 503.8 0 . 0
t a b i c  c o n 'd . )
C O
E-, " ^ H g  decay ls7mllg decay
(keV) (A I , ) a ) h  (AI*) I-, (A I,)* ) Ie (A le)
5 1 :i. 0.55(15) 0.016(6) 0.03(2)
5 K1.6 0.75(10) 0.03(1) 0.0 13(18)
515.9 0.70(15) 0.06(2) 0.09(5)
519.1 2.1(5) 0.15(7) 0.07(1)
520.1 0.75(15) 0 .0 1 ( 1 ) 0.057(1 1)
52 1.5 3.5(d) 0.055(15) 0.016(6)
5 2 5 .1 2  1. ( 1 ) 1.06(30) 0 . 0  1-1( 1 1 )
526.7 1.9(2) 0.010(15) 0 .0 2 1 ( 1 0 )
527.8 2 .2 (2 ) 0.095(20) 0.013(8)
5.17.3 1 . 1 ( 1 ) 0 . 0  1 1(2 0 ) 0 . 0  1(2 )
537.5 0 .8 (2 ) 0.03(1) 0 .0 1 (2 )
5-12.0 0 .8 (2 ) 0.032(10) 0 . 0  1(2 )
5 1-1.0 0. 15(15) 0.023(15) 0.05(3)
5-15.9 5.1(9) 0.0-11(25) 0.008(3)
5-16.7 0 , 1( 1 ) 0.025(12) 0.06(3)
550.8 0.7(2) 0.05(1) 0.07(2)
551.8 2.1(9) 0.11(5) 0.05(3)
56 1.8 3.75(20) 0.026(9) 0.007(2)
566.9 0.5(1) - tbscurod
569.5 1 .2 ( 1 ) 0 .0 1 ( 1 ) 0.033(9)
571.1 9.6(15) 0.28(5) 2 .8 (2 ) 0.081(15) 0.029(5)
575.8 2.9(7) 0.26(15) 0.09(6)
578.8 0.7(2) 0.035(11) 0.050(16)
579.3 7.8(6) 0.15(8) 0.019(10)
582.1 3.0(2) 0.13(2) 1 . 1( 1 ) 0.060(8) 0.0 13(7)
58-1.1 0.80(15) 0.026(9) 0.033(12)
586.7 0.95(30) 0.029(9) 0.03(1)
591.0 3.3(5) 0.17(6) 0 .8 ( 1 ) 0.0 10(15) 0.05(2)
591.2 1 .2 ( 1 ) 0.0I9( 1) 0.016(3)
595.2 2.1(7) 0.12(5) 0.05(2)
602.9 2.35(15) 0.068(10) 0.029(5)
608.-I 1 . 1 (2 ) 0.025(9) 0.023(8)
61 1. 1 3.0(11) 0.09(2) 1.7(8) 0.05(2) 0.03(2)
616.1 3.1(3) 0.1 16(30) 0.0 17(10)
Table 4.5: Continued
The<>ry[6U]
E2  Ml
Multipolarity I;
E,
(keV) (keV)
0.0180 0.0688 13/2- 9 /2 “ 956.7 1 13.3 .'J- m
0.0180 0.0685 (E2+.M1) 13/2“ 1 5 /2 - 1 187.0 673.1 2-m
0.0178 0.0677 (M l) 13/2+ 1637.8 1 1 2 1 . 8 ,1- m
0.01 75 0.0666 Ml .3 /2 - 5 /2 " 975.3 156.2 •'i-K
0.0175 0.0663 Ml 7/2+ 7/2+ 1015.0 195.6 I-m
0.0172 0.0650 E2 11  / 2 ~ 15/2 — 1197.6 673,1 2-m
0.0171 0.06-16 M 1+E2 1 3 /2 - 1 1 / 2 - 719.3 223.9 2 -rn
0.0170 0.06-12 (E2) 9 /2+ 5/2+ 767.0 2-10.3 1 -rn
0.0169 0.0638 M 1+E2 13/2 — 1 1 /■’ - 1 1-17.8 619.8 '1- m
0.0163 0.0609 M I+ E 2 9/2  + 1301.7 767.0 !
0.0163 0.0609 M I+ E 2 1 3 /2 - 1 1 / 2 ~ 1 118.2 881.2 2
0.0160 0.0596 M1+E2 1.3/2- 15/2 — 1357.5 816.0 .'i-m
0.0159 0.0590 M l(+ E 2 ) 19/2 — 1 7 /2 - 1232.7 688.7 ■ i-ITl
E 1: 0.0060 El 1 / 2 - 1 / 2  + 5 15.9 0 . 0 ■'*-*5
0.0158 0.0582 (Ml) 7 /2  + 5/2  + 1369.7 822.7 I-m
0.0155 0.0571 Ml 1 1 /■>- 10 17.6 196.8 .‘i-rn
0.015 1 0.0568 Ml 5 /2 - 7 /2 “ 876.8 325.9 ■s-s
E l: 0.0056 El 17/2 + I 5/2 — 1380.8 816.0 1-m
0.01-15 0.0528 1 7 /2 - 1.3/2- 1316.1 7 19.3 2 -rn
0 . 0 1  1 1 0.0521 E2+M1 1 1 / 2  + 9 /2  + 1280.8 710.7 !-rn
0.01-13 0.0519 M I+ E 2 3/2+ 3/2  + 590.9 19.5 1-
0 .0 1 - 1 1 0.0509 >M 1 (Eo?) 3 /2  + 3/2+ 595.3 19,5 1 -K
0.0139 0.0502 Ml 1 3 /2 - 15 /2“ 1393.3 816.0 :i-m
0.0139 0.0501 (E2) 3 /2 “ 7 /2 - 1056.0 176.1 2 -k
0.0137 0.0191 M 1+E2 5/2  + 5/2  + 822.7 2-10.3 ! -
0.0136 0.0190 M 1+E2 15/2 — 1-1 0 0 . 1 816.0 ,’1-m
0.01.35 0.0-185 M 1+E2 7 /2 - 118-1.5 597.8 .1- rn
0.0133 0.0-176 Ml 3 /2  + 1 / 2  + 590.9 0 . 0 1-
0.0132 0.0169 E2(+.M 1) 9 /2  + 1301.7 710.7 1 - rn
0.01.31 0.0-167 (Ml) 3 /2+ 1 / 2 + 595.3 0 . 0 !-S
0.0128 0.0-152 M1+E2 13/2 — 1 3 /2 - 956.7 353.9 .'i-m
0.0125 0 . 0 1  II M1+E2 2319.5 171 1.1 .'l-rri
0.0123 0.0 131 7/2+ 3/2+ 633.7 19,5 1-
0 . 0 1 2 2 0.0-127 Ml 9 /2 “ 1 1  / 2 ~ 810.3 223.9 2-m
ie c o n ’d . )
E 7  lfl7' 'l l s  decay ,87mIlg decay
(keV) I ,  ( A t ,) - ) I, (A I.) It (AI-,)") U (AI,.)
618.7 0.75(30) 0 .0 1 ( 1 ) 0.28(5) 0.01 1(3) 0.05(2
619.U 3.0(5) 0.15(5) 0.05(2
621.8 1.7(2) 0 .0 2 ( 1 ) 0 .0 1 2 ( 6
625.0 1 2 .6 ( 1) 0.08(2) 0.006(2
625.3 2.75(20) 0.036(10) 0.013(3
629.6 1.1(3) 0.030(1) 0.027(5
682.0 1.10(15) 0 .0 2 2 (6 ) 0 .0 2 0 ( 8
632.8 0.70(15) 0,028(6) 0 . 0  1 ( 1
638.7 3.1(5) <0.3(2) <0.09(6
639.1 8.55(35) 0.22(3) 0.026(3
612.7 1.95(15) 0 .0 1 ( 2 ) 0 .0 2 ( 1
613.3 0 .6 ( 1 ) 0.021(13) 0.035(20
6  16.3 2 .0 (2 ) 0.03(1) 0.01 1(5
617.9 0 .8 (2 ) 0.008(8) 0 .0 1 ( 1
618.1 0.10(15) 0 .0 1 2 (d) 0.03(1
650.9 2.3(2) 0.0 16(9) 0.020(5
651.2 0.5(1) 0 .0 2 0 (6 ) 0 . 0  10(16
653.2 1.75(20) 0.019(5) 0 . 0 1  1 ( 1
653.9 0 .8 (2 ) 0.017(5) 0.02! (7
657.3 7.0(5) 0.18(7) 0.069(1 1
659.1 0.65(1) 0.008(3) 0.013(6
659.2 0.75(15) 0.029(9) 0.038(13
659.1 2.1(3) 0.07(2) 0.030(9
667.8 2.1(3) 0.10(3) 0.9(1) 0.036(10) 0 . 0  1 ( 2
669.1 3.0(3) 0.03(1) 0 .0 1 0 ( 6
669.2 1.05(15) 0.0 17(19) 0.015(18
678.9 1.1(3) 0.0 16(7) 0.033(6
679.7 (1.10(15) 0.003(3) 0.007(7
683.5 1.3(2) 0.033(6) 0.025(5
686.7 0.9(2) obscured 0.5(1) obscured
692.1 0.3(1) 0.003(2) 0 .0 1 ( 1
693.8 1 .8 (2 ) 0 . 0  1( 1 ) 0 .0 2 2 ( 6
700.3 15.1(15) 0.15(6) 0.030(3
709.2 1.9(3) 0 .0 1 ( 2 ) 0 .0 2 1 ( 1  1
Table 4.5: Continued
Thenry[60] E, \\ r
   M ultipolarity  I; I j
K2 Ml (keV) (keV)
0 . 0 1 2 1 22 Ml 5/2+ 3/2+ 822.7 203.1 1-
0 . 0 1 2 1 (M l) 5/2  + .3/2 + 6.38.9 19.5 1 - 8
0 . 0 1 2 0 j E2 1 3 /2 - 9 /2 - 732.1 120.5 3-m
E l: 5 El 13/2+ 1 1 / 2 - 1 1 2 1 . 8 196.8 3-in
0 . 0 1  18 102 1 1 / 2  + 7/2 + 1 121.3 195.6 1-m
0 . 0 1  17 M l+ 1 0 2 1 1 / 2 “ 1 1 / 2 - 1239.3 619.8 ■3-m
0 . 0 1  16 E2 +  M 1 2333.1 1711.1 3-m
0 . 0 1  16 Ml 1 1 / 2 + 1601.3 968.3 1-m
0.01 13 5/2 + 1 / 2 + 638.9 0 . 0 1 - 8
0.01 13 E2 +.M 1 15 /2 _ 1 3 /2 - 993.3 35.3.9 3-m
0 . 0 1  1 2 M 1 +  102 [ 17/2 ] 15/2“ 1316.1 673. 1 2 -m
0 . 0 1  1 2 Ml ( +  102) 5 /2  + 5/2  + 9.39.5 29 i .0 i-m
0.01 1 I ( 1 0 2 ) 1 1 / 2  + 7/2 + 1280.8 6.33.7 1 -m
E l: (E l) 1 3 /2 - 2237.7 1590.5 3-m
0 . 0 1  111 75 Ml 2237.6 1590.2 2 -m
0.0109 102+M 1 1 3 /2 - 1 1 / 2 “ 1 137.8 196.8 3-m
0.0109 Ml 1.3/2 — 1 3 /2 - 1.393.3 712.1 3-m
0 . 0 1 0 8 f>7 102 1 1 / 2  + 7/2 + 1 1 18.8 195.6 1-m
0 . 0 1 0 8 M l+ 1 0 2 9/2+ 1920.9 767.0 I-m
0.0107 Eo+M  1 ( + 1 0 2 ) 1 1 / 2 “ 1 1 / 2 - 881.2 223.9 2 -m
0 . 0 1 0 6 E2( +  M 1) 7 /2  + 9 /2  + 1369.7 710.7 1-m
0 . 0 1 0 6 Ml 1 1 / 2 - 1 1 / 2 - 1 156.1 196.8 3-m
0.0106 M l+ 1 0 2 9 /2 - 7 /2 - 983.9 325.9 3-m
0.0103 MI 5/2  + 3 /2  + 687.0 19.5 1-
0.010.3 E 2 1 1 / 2 + 7/2 + 1 163.6 195.6 1-m
0.0103 > M 1 ? 1 3 /2 - 1.3/2“ 1918.2 739.3 2 -m
o.oioo Ml 7 /2 - 1276.7 597.8 3-m
E l: (E l) 13/2 — 2268.2 1590.5 3-m
0.0099 0.0.327 M l+ 102 9 /2 - 1 126.5 1 13.3 3- m
0.0098 5/2  + 1 / 2 + 687.0 0 . 0 1-
E l: 7 (E l) 17/2+ 17 /2" 1380.8 689.7 3-m
0.0096 M l+ 1 0 2 5/2+ 5/2+ 933.5 230.3 1-m
0.0091 )7 Ml 3 /2 - 1 / 2 - 975.3 275.0 3-8
0.0092 (E 2 + M I) 1 1 / 2 - 9 /2 - 829.3 120.5 3-m
f* c o n ’d . ) 4^Cn
Table 4.5: Continued
E ,
(keV)
1 Sl :,Hg decay 
I ,  (A I-,)") U (A IC)
tHrmIIg decay 
1, (A C )6) Ic (AI„)
<*K
The.
172
• rv[60] 
Ml
M ultipolarity I; ' /
17;
(kcV) (keV)
709.9 3.6(3) o.o i ( i ) 0 .0 1 2 ( 1) 0.0092 0.0297 C2  +  (M l) 9/2+ 7/2+ 1205.5 195.6 i-m
710.3 1 .2 ( 1 ) 0 .0 2 0 ( 1) 0.017(3) 0.0091 0.0296 M1+E2 9 /2  + 1 120.9 710.7 I-m
712.7 1.15(15) 0.033(8) 0.023(7) 0.0091 0.0291 \ l  1+172 1 1 / 2 “ 9 /2 “ I 156.1 1 13.3 :i-m
721.7 0.50(15) 0.006( 1) 0.012(9) 0.0089 0.028-1 (172) 1 1 / 2 - 7 /2 - 1197.6 176.1 2 -m
72 1.1 0.5(2) 0.019(12) 0.038(30) 0 . 0 0 8 8 0.0282 (M l) 1.3/2 + 2313.7 1590.5 ii-m
732.1 0.7(1) 0.008( 1) 0 . 0 1  1 (6 ) 0 . 0 1 1 8 6 0.0271 (172) 19/2" 1 5 /2 - 1-105.2 67.3.1 2 -m
732.5 1 .2 (2 ) 0.036(18) 0.03(2) 0.0086 0.0271 (M l) 2091.3 1362.0 *-s
736.3 0.5(1) 0.013(5) 0.026(9) 0.0085 0.0270 Ml 7/2+ 7/2+ 1369.7 633.7 I-rn
715.1 1 .0 ( 1 ) 0.018(8) 0.018(9) 0.0083 0.0262 172+M1 13/2 — 15/2 — 1 118.2 673.1 2 -m
715.2 2 . 1 (2 ) 0.025(8) 0.012(5) 0.0083 0.0262 172+Ml 1 / 2 - 1291.1 5 15.9 d-K
717.5 1.55(15) 0.012(3) 0.008(2) 0.0083 0.0260 172 ( M / 2 - ) 1 5 /2 - 1 1 2 0 . 6 673. 1 2 -m
751.9 0 .6 ( 1 ) 0 .0 I0 ( 1) 0.017(8) 0.0082 0.0256 M l+172 9 /2 - 7 /2 - 1228.8 176.1 2 -m
753.1 0.7(2) 0.0I8( 1) 0.026(7) 0 . 0 0 8 1 0.0255 Ml 1 1 / 2  — 1 1 / 2 - 12 19.1 196.8 'i-rn
757.3 2.9(1) 0.032(15) 0 .0 1 1 (6 ) 0 . 0 0 8 0 0.0252 (172+Ml) 7 /2 - 1233.7 176. 1
758.1 2 . 1 (6 ) 0.06(3) 0.03(2) 0 . 0 0 8 0 0.0251 (M l) 3 /2  + 778.6 19.5
761.0 3.5(5) 0.07(2) 0.020(7) 0.0080 0 . 0 2  18 (M l) 5 /2 - 7 /2 - 1237.5 176.1 2 -g
761.1 0 .6 ( 1 ) 0 .0 0 2 ( 1 ) 0.003(2) [•: 1 : 0.0031 (171) 1 1 / 2 - ! 590.5 829.3 :s-m
76 1.1 1.5(3) too weak Cl: 0.0031 3 /2 - 5 /2  + 1056.0 291.0 2 -ff
768.0 3.95(20) 0 .0 1 2 ( 1) 0.0031 (7) Cl: 0.0030 171 13/2 + 1 3 /2 - 1 1 2 1 . 8 353.9 :i-m
77.3.3 0.7(1) 0.021(5) 0.03(1) 0.0077 0.0238 MI 13/2 — 1 1 / 2 “ 1393.3 619.8 ,'i-m
778.8 1 . 1 ( 1 ) 0.010(3) 0.009( 1) 0.0076 0.0231 (172) 7/2 + 3/2  + 1369.7 590.9 I-m
783.8 2 .2 ( 1) 0.(J 18(1 2) 0.008(1) 0.0075 0.0230 (172) 3 /2 - 7 /2 - 1260.2 176.1 2 -S
785.26 0.65(15) 0.005(2) 0.008(3) 0.0075 0.0229 172 1 1 / 2  + 7/2 + 1280.8 195.6 1-rn
785.5 0.3(1) ton weak Cl: 0.0029 ) 13/2 + 1 1 / 2 - 1 105.5 619.8 .'i-m
786.1 1.96(35) - ' :  ■>) o ; 0.0075 0.0229 (M 1 + E 2 ) 5/2+ 7/2  + 1119.8 63.3.7 l*S
790.5 0 . 1( 1 ) 0.008(6) 0.020(17) 0.0071 0.0225 (M l+172) 9 /2  + 1 557.5 767.0 I-m
791.0 3.3(2) 0.17(8) 0.05(3) 0.0071 0.0225 >M 1 (170?) 3 /2  + 991.1 20.3. 1
791.3 0.5(1) 0.011(5) 0 .0 2 2 ( 1 2 ) 0.0071 0.0225 (M l) 13/2 — 15 10.9 7 19.3 2 -rn
795.0 0 .8 ( 1 ) 0.015(3) 0.019(5) 0.0073 0 . 0 2 2 1 (M l) 1 3 /2 - 1 3 /2 - 11 17.8 .35.3.9 I-m
805.5 0.95(20) 0.008(3) 0.008(3) 0.0071 0.0215 (E2) 17/2 — 13/2 — 1 158.9 .353.9 .I-rn
805.7 0.65(15) 0.017(7) 0.0071 0.0215 M l+ 172 1 1 / 2 - 9 /2 - 12 19.1 113.3 .'I-m
813.3 0.7(1) 0 . 0 0  1( 2 ) 0.006(1) 0.0070 0 . 0 2 1 0 E 2 9 /2 - 5 /2 “ 981.9 171.8 .i-m
816.1 2 . 1( 1) too weak Cl: 0.0027 3 /2 - 5 /2  + 1056.0 2 10.3
829.9 2.3(2) 0.028(5) 0 .0 1 2 ( 2 ) 0.0067 0.0199 M I+ E 2 9 /2 - 950.5 120.5 I- rn
( t a b l e  c o n ’d . )
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Table 4.5: Continued
I-.,
(keV)
liT9Ilj5 decay
i, ( A i ,n  i, (4 ie)
l8Tmlli; decay 
U ( A I , ) '’) 1, (A I,)
<*K
Vllcnn
K2
■[60]
Ml
M ultipolarity li h
ro,
(keV) (k e \)
83o.i 0.83(16) 0.006(3) 0.007(1) 0.0067 0.0199 (E 2 ) 1 1 / 2 “ 7 /2 “ 1 1 56.1 325.9 3-m
836.2 3.6(2) 0.02 1(5) 0.0067(10) 0.0066 0.0195 E 2 1.3/2“ 9 /2 “ 956.7 120,5 .'S-m
810.5 0.75(15) 0.01 1(3) 0.015(5) 0.0066 0.0193 E2+M1 13/2“ 1590.2 739.3 2-m
816.8 0.5(1) 0.008(5) 0.016(12) 0.0065 0.0189 (MI +  E 2 ) 9 /2+ 1557.5 710.7 I-rn
8 (8 . 1 2.25(15) 0.009(1) 0 . 0 0  1(2 ) E l: 0.0025 15/2“ 2319,5 1371.2 .'*-m
85.1.3 3.0(3) t* to weak E l: 0.0025 3 /2 " 3 /2+ 1056.0 203,1 2 -S
860.7 1.7(2) 0.017(1) 0 .0 1 0 (2 ) 0.0063 0.0182 M I+ E 2 13/2“ 1 1 / 2 “ 1357.5 196.8 :i-rn
861.1 1.2(1) 0.01 1(3) 0 .0 1 2 (1 ) 0.0062 0.0180 E2 + MI 9 / 2 - 9 /2 “ 981.9 120,5 .'i-m
867.5 0,15(15) 0.009(3) 0.020(7) 0.0062 0.0178 Ml 1 5 /2 “ 1590.9 673.1 2-m
871.9 1.7(2) 0.005(3) 0.003(2) E l: 0 . 0 0 2  1 (E l) 2393.1 1 171.2 .'i-m
87.1.6 1 .0 (2 ) 0.020(5) 0 .0 2 0 (6 ) 0.0061 0.0175 Ml 9 / 2 - 9 /2 " 1317.1 193.3 •i-rn
880. 3 0.7(1) 0.07(2) 0 .0 1 0 ( 1) 0.0060 0.0171 (102+M 1) 2300.6 1 120.9 1-rn
890.3 0 , 1( 1 ) 0.006(2) 0.015(9) 0.0059 0.0167 Ml 9 /2  + 1601.3 710.7 I-m
895.8 1.65(20) 0.011(3) 0.0066(20) 0.0058 0.016 1 E2( +  M I) 1 1 / 2 “ 13/2“ 1219.1 353.9 :i-rn
896.2 0.65(15) 0 .0 1 1 ( 1) 0 .0 2 1 (6 ) 0.0058 0.016 1 Ml 1 3 /2 - 1 1 / 2 - 139.3.3 196.8 .i-rn
900.7 1 . 1 (2 ) 0.008(3) 0.007( 1) 0.0057 0.0162 (102+M 1 ) 1 3 /2 - 2318.8 1 118.2 2-m
908.5 1 .0 ( 1 ) obscured E l: 0 . 0 0 2 2 13/2 + 1 1 /2 - 1 105,5 196.8 •i- rn
913.5 2 . 1 ( 1) 0.008(5) 0.00 1(3) E l: 0 . 0 0 2 2 1 5 /2 - 13/2 + 2319,5 1 105.5 .'i-m
91 1. 0 .8 (2 ) 0.006(2) 0 .0 0 8 ( 1 ) 0.0056 0.0156 ( 1 0 2 ) 9 /2  + 5 /2  + 1205,5 291.0 1 -rn
920.7 0.90(15) 0.06(3) 0.007(1) 0.0055 0.0153 (E2) 1 3 /2 - 9 /2 “ 2237.7 1317.1 .'i-m
9.10.9 0 .8 ( 1 ) <0.01 1(5) <0.011(7) 0.005 1 0.01 19 2300.6 1369.7 I-m
9.12.7 1 .8 (2 ) 0.007(3) 0 .0 0 1 (2 ) 0.0051 0 . 0 1  18 102 13/2 + 17/2 + 231 3.7 1380.8 .'i-m
951.0 0.65( 15) 0.007(2) 0 . 0 1  1 ( 1) 0.0052 0 . 0 1  11 M l+ 1 0 2 7 /2 “ 1276.7 325.9 .I-rn
962.9 1.05(20) 0.006(2) 0.005(2) 0.0051 0.0137 1 0 2 9 / 2 - 1 3 /2 - 1317.1 353.9 .'i-m
963. 0.65(15) 0.003( 1) 0.005(2) 0.0051 0.0137 (E 2 ) 1 1 / 2 “ 15/2“ 1779.0 816.0 ■ 1-m
963.2 3.55(30) 0.025(6) 0.007(2) 0.0051 0.0137 102+M 1 1 3 /2 - 1 1 / 2 “ 1187.0 ?■>:» 9 2-m
969.7 0,15(15) 0.0015(7) 0.003(2) E l: 0 . 0 0 2 0 (E l) 1 1 / 2 “ 1590.5 619.8 ■ i-m
988.1 0 .8 ( 1 ) 0 .0 0 1 (2 ) 0.005(3) 0 . 0 0  18 0.0128 E 2 13/2+ 17/2+ 2369.2 1380.8 .'i-m
995.5 0.65(15) 0.008(1) 0 .0 1 2 (6 ) 0.0017 0.0126 Ml 13/2 + 2117.3 1 1 2 1 . 8 !l-m
995.9 0 .8 ( 1 ) < 0 .0 0 1 (2 ) <0.005(3) 0.0017 0.0126 (E2+M 1) 2300.6 1301.7 i-m
996.1 0.7(1) 0.007(2) 0 .0 1 0 (1 ) 0.0017 0.0125 Ml 13/2 + 2115.6 1 139,5 I-rn
1003. 1.5(2) t*m weak 0.00-17 0.0123 5/2+ 7/2 + 1 199.0 19.5.6 i-s
1 0 0 -1 . 2 0.70(15) 0.008(2) 0.0017 0.0123 Ml 13/2“ 13/2- 1357,5 353.9 ■ i-m
1009.1 1 .0 ( 1 ) 0.006(2) 0.006(3) 0.0016 0 . 0 1 2 1 ( 1 0 2 ) 13/2+ 17/2+ 2390.2 1380.8 ■ 1-m
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Table 4.5: Continued
(keV)
decay
iT u u n  i ,  (a i c)
ls7m |lg  decay 
1, (AI-,)'') Ir (Ale)
'*6-
rhc<,ry[60]
E2 Ml
MukipnlariLy U >/
17,
(keV) (kcY)
101-1.2 0.65(15) 0.005(2) 0.008(3) 0.00 16 0.0120 M 1 +  172 1 3 /2 - 1368.1 353.9 3-m
1 0 2 0 . 3 1.9(2) 0.021(1) 0.01 1(3) 0.00 15 0.0118 (M l) 1 1 /2  + 2300.6 1280.8 1-m
1023.7 1.15(15) ......  .-’) 0.003(2) 0.0015 0.01 17 (172) 2300.5 1276.7 3-m
1023.8 0.15(15) 0.0013(6) 0.003(2) 0.00-15 0.0117 (F.2) 1 5 /2 - 1 1 /2 " 1905.-1 881.2 2-m
1036.1 2.7(9) 0.008(6) 0.003(2) 171: 0.0017 (171) 3 / 2 ' 1/2 + 1056.0 19.5 '->-g
10-1 1.1 1.05(15) 0.006(2) 0.0057(20) 0.00 13 0.0111 172+Ml 1 3 /2 - 1398.0 353.9 3-m
1051.1 0.95(15) 0.003(2) 0.003(2) 17 1: 0.0017 (171) 13/2+ 13/2- 1 105.5 353.9 3-m
1056. 7.5(23) 0.015(5) 0.0020(8) E l: 0.0017 (E l) 3 / 2 - 1/2+ 1056.0 0.0 2-S
1056.1 0.6(2) 0.0012(6) 0.002(1) 171: 0.0017 (E l) 1 1/2 + 11/2" 1280.8 223.9 1 -m
1058.0 0.5(1) 0.008(3) 0.0I6( 1) 0.00 12 0.0108 Ml 1 5 /2 - 13 /2  — 1807.6 7 19.3 2-rn
1066.6 2.7(2) 0.015(3) 0.0056(12) 0.0IM2 0.0106 172+Ml 1 1 /2 - 1 3 /2 - 1815.9 7 19.3 2-m
1069.7 0.6(2) 0.006( 1) 0.00 1! 0.0105 172+Ml 13/2 + 2191.5 1 121.8 3-m
1092.5 0.95(15) 0.007(2) 0.007(2) 0.00 10 0.0099 M l+172 9 /2 " 1 1 /2 " 1317.1 223.9 3-m
1093.5 3.2(5) 0.0-18(18) 0.015(10) 0.00 10 0.0099 Ml 3 /2 " 2068.7 975.3 •i-8
1095.1 2.55(30) 0.013(3) 0.005(1) 0.00 10 0.0099 172+Ml 9/2+ 2300.6 1205.5 I-m
1103.9 0.6(1) 0.003(2) 0.005(3) 0.0039 0.0097 (172+Ml) 1 1 /2 - 2300.5 1 1 97.6 2-m
1117.0 0.15(10) 0.005(2) 0.012(6) 0.0038 0.009 1 (M l) 13/2+ 2266.5 1 1 19.5 I-m
1131.0 0.50(15) 0.007( 1) 0.015(10) 0.0037 0.0091 Ml 1 5 /2 - 1 5 /2 - 1807.6 67.3.1 2-rn
1135.5 1.8(1) 0.010(2) 0.006(2) 0.0037 0.0090 172+Ml 1 I /2  + 2300.6 1 161.6 I-m
11 12.5 0.8(2) 0.003(2) 0.00 1(3) 0.0037 0.0089 (172) 1 I / 2 " 1 5 /2 - 1815.9 673. 1 2-m
1151.2 0.7(2) 0.00-1(2) 0.006( 1) 0.0036 0.0087 (172+Ml) 1 1 /2 - 9 /2 - 2171.2 1317.1 3-m
1156.9 0.9(2) 0.007(2) 0.008(2) 0.0036 0.0086 Ml 9 /2 “ 1276.7 120.5 3-m
1 169.8 0.15(10) 0.005(3) 0.01 1(7) 0.0035 0.008 1 Ml 13/2 + 2319.1 1 1 19.5 1-m
11 79.0 6.6(10) 0.050( 15) 0.008(3) 0.0035 0.0082 Ml 3 /2 " 3 /2 - 215 1.1 975.3 ■i-8
1181.2 1.55(15) 0.005(2) 0.003(1) 0.003-1 0.0082 172 1 7 /2 - 13 /2" 1930.1 719.3 2-m
1181.1 1.8(2) 0.003(2) 0.0017(1 1) 171: 0.001 1 (171) 13/2 + 1 * /2 1-105.5 223.9 3-m
1181.8 0.5(1) 0.00 1(2) 0.008( 1) 0.003-1 0.0081 Ml 13/2+ 233-1.3 11-19.5 1-m
1196.1 0.5(15) 0.003(2) 0.006( 1) 0.003 1 0.0079 (M l+172) 1 1 /2 + 13/2 + 2315.9 11 19.5 1-m
1196.6 2.55(20) 0.013(2) 0.005(1) 0.003-1 0.0079 172+Ml 9 /2 " 9 /2 - 1317.1 120.5 3-m
1196.9 -1.2(5) 0.01(3) 0.009(7) 0.0031 0.0079 (M l) 3 /2 - 2172.1 975.3 •i-g
121 1.6 0.55(20) 0.001(2) 0.007( 1) 0.0033 0.0076 (M l) 11/2“ 171 1.1 196.8 3-m
1229.3 1.00(15) 0.0010(8) 0.001(1) 171: 0.0013 (E l) 13/2 + 2351.1 1121.8 3-m
1230.0 1.1(2) 0.01(1) 0.01(1) 0.0032 0.0071 1 /2 - 1775.9 5 15.9 •i-«
1232.3 0.5(1) 0.00 1(2) 0.008(6) 0.0032 0.0071 (M l) 1 5 /2 - 1 5 /2 - 1905.1 673. 1 2-rn
^
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Table 4.5: Continued
17-
(keV)
decay
i7 (a i 7d  i« (a i „)
,a rm Hg decay 
1, (A I,)" )  1, (A I,)
the.
172
iry[60]
Ml
M nltipularity I;
E.
(keV) (keV)
i 2 :sr> . 6 1.00(15) 0.0018(9) 0.0018(8) IC1: 0.00111 (E l) lH /2 - 1590.5 35.3.9 3-rn
1237.9 0.8(2) 0.00-1(1) 0.005(1!) 0.00112 0.0071! (M I+ E 2) 1 1 /  2+ 2207,1 968,1 I-rn
121-1.7 0.15(15) 0.002(2) 0.00 l( 1) 0.00111 0.0072 111/2- 15/2“ 22117.7 993,1 3-m
125.1.1 0.50(15) 0.001(2) 0.008(5) 0.00111 0.0070 (M l) 111/2- 1 5 /2  — 22 16.5 993.3 3-m
I 257.0 0.65(15) 0.00 1(2) 0.006(11) o.ooiii 0.0070 (M I +172) 17/2“ 1 5 /2 - 1930,1 673,1 2-m
1271.1! 0.5(2) 0.002(2) 0.00 l( 1) 0.00110 0.0068 15/2+ 13/2+ 2396.1 1 121.8 3- m
1277.2 0.1(1) 0.001(1) 0.0025(25) 0.0030 0.0067 (9 /2+ ) 5/2 + 2099.9 822.7 1-m
12811.8 2.2(11) 0.002(2) 0.001(1) 1.71: 0.0012 El 1 3 /2 - 16117.8 353.9 3- rn
128-1.6 11.7(2) ton weak o.oono 0.0066 7/2+ 1918.1 633.7 l-K
11115. 1 1.0(1!) 0.012(2) 0.00110(6) 0.0028 0.0062 172 9 /2 - 21100.5 981.9 3-m
11117. 0.50(15) 0.002(1) 0.00 1(1!) 0.0028 0.0062 (M l+172) 1 1/2 + 2285.11 968,3 ! -rn
11118.(1 11.6(9) 0.018(10) 0.005(4) 0.0028 0.0062 3 /2 - 229.1.1! 975.3 ■*-s
11121.1 0.55(15) 0.015(9) 0.0028(16) 0.0028 0.0062 172 1 1 /2 - 1 5/2 — 1994.9 673,1 2-rn
11125.5 0.6(1) 0.002(1) 0.0011(2) 0.0028 0.0061 (172) 11 /2+ 7/2  + 2291.1 965.6 1 -m
111112.5 0.8(2) 0.01(1) 0.01(1) 0.0028 0.0060 (M l) 1 l i /2 - 2289.2 956.7 3-m
111110.5 0.5(1) 0.0015(8) 0.0011(2) 0.0027 0.0060 (172) 1 1 /2 - 7 /2  “ 1815.9 176,1 2-m
1343,3 11.9(6) 0.0211(8) 0.006(2) 0.0027 0.0059 (M l) 11/2 + 11162.0 19,5 i -j;
111 17.11 1.5(11) two weak 0.0027 0.0059 5/2  + 7/2 + 1842.9 195.6
1115(1.0 1.0(2) 0.0011(1) 0.00110(15) 0.0027 0.0059 (E2) 21100,5 950,5 3-m
11)57.2 1.85(20) 0.007(1) 0.00118(6) 0.0027 0.0058 172+Ml IH /2 - 171 1.1 3511.9 3-m
11157.6 0.1(1) 0.001(1) 0.0025(25) 0.0027 0.0058 9 /2  + 5 /2  + 2180.11 822.7 1-m
11162.6 1.95(15) 0.007(1) 0.0037(6) 0.0026 0.0057 172+Ml 1 5 /2 - 111/2- 21119.5 956.7 3-m
11165.8 2.1(11) 0.0025(8) 0.0012(4) E l: 0.001 1 El 1 1 /2 - 1590.5 223.9 3-m
11172.1! 0.50(15) 0.002(1) o :(:) 0.0026 0.0056 (M l+172) 11/2“ 2253.5 881.2 2-rn
11192.5 0.70(15) 0.0011(2) 0.004(11) 0.0025 0.0054 (M 1+E2) 1 5 /2 - 2065.9 67.1,1 2-m
11199.6 0.15(15) 0.002(1) 0.004(11) 0.0025 0.0054 (M1+K2) 1 1 /2 - 2280,1 881.2 2-m
1-107.6 11.5(7) 0.01-1(6) 0.00 1(2) 0.0025 0.0051! (M 1+172) 5 /2  + 2230,1 822.7
1 119.6 1.15(20) 0.0011(1) 0.0011(1) 0.0025 0.0052 172+Ml 1 1 /2 - 2300,5 881.2 2-rn
1 121.5 2.7(4) too  weak 0.0024 0.0051 3 /2 “ 5 /2 - 2154,1 7112.5
1 122.5 1.5(1!) too weak 0.002 1 0.0051 7/2+ 1918.1 495.6
1 111(1.11 0.65(15) 0.0011(1) 0.004(2) 0.0021 0.0051 (E2+.MI) 111/2- 1 5 /2 - 22 16.5 816.0 3-m
1-131.2 1.5(1) 0.005(2) 0.0011(2) 0.002 1 0.0051 (172+Ml) 5 /2+ 2253.2 822.7
1-1115.0 0.1(1) o. : >) 0.0025(15) 0.0021 0.0050 (E2) 9 /2+ 21 15.6 710.7 1-m
1 112.6 ■1.8(1) 0.010(11) 0.0021(8) 0.0024 0.0050 172 11/2- 7 /2 - 1919.0 176.1 2-S
09
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I-;, 187M If; d e ca y  l87m H r  d e c a y
(keV) 1, ( A I , ) 1*) Ic (A I.) 1, ( A I , ) 8) I« (Ale)
1-152.2 .3.0(9) 0.015(7)
1 155.1 1.9(2) O.OIO(-I)
1 161.1 0.60(15) 0.0013(6)
1 166.1 1.1(2) 0.003(2)
1 167.7 0.5(1) 0.002(1)
1-196.8 0.1(1) 0.001(1)
1 50:s.6 0.80(15) 0.002(1)
1516.8 -1.5(9) 0.011(5)
1518.6 3.0( 1) 0.015(6)
1522.9 2.2(1) two weak
15:12.8 ■1.0(1) 0.003(1)
I5H-I.2 3.0(1) 0.012(6)
15.19.6 1.0(2) too weak
15 1 1.5 2.7( 1) ('-I
15-15.3 0.75(20) too weak
15-18.5 2.7(6) too weak
15 19.6 7.1(13) 0.01(2)
1556.2 6.0(9) 0.02(3)
1563.6 0.15(15) 0.002(1)
1570.0 1.15(20) 0.003(1)
1575.1 7.1(11) 0.0 1(3)
1579.5 1.1(3) 0.0U7( 1)
1580. 0.50(15) 0.002(1)
1 583.1 1.5(2) 0.01(1)
1583.8 2.0(2) 0.00 1(1)
158-1.8 0.35(15) too weak
1587.9 2.1(2) 0.002(1)
1589.0 0.15(10) too weak
1591.3 1.1(1) 0.003(1)
1601.9 0.8(2) -  ::(2 )
1606.6 0.60(15) obscured
1607.8 1.8(1) too weak
1608.1 3.1(5) obscured
1608.8 0.1(1) obscured
Table 4.5: Continued
Theory [6U]
M ultipolarity
F2 Ml
rc,-
(keV) (keV)
0 .0 0 5 (3 ) 
o.ou.5(3) 
U.t)02l(10) 
0 .0 0 2 5 (1 .I)  
0 .0 0 1 (3 ) 
0 .00 .3 (3 )
0 .0 0 2 5 (1 5 )
0 .0 0 2 5 (1 5 )
o .o o 5 (:i)
0 .0 0 0 7 (3 ) 
o .o o  i (3)
o .o o  i(:s)
0.00fi( I)
0 .0 0 .3 (3 )
0.00-1(2)
0 .0 0 2 1 (7 )
0 .0 0 6 (5 )
0 .0 0 1 6 (5 )
o._
0 .0 0 5 (5 )
0 .0 0 1 9 (5 )
0 .0 0 0 9 (5 )
0 .0 0 2 7 (9 )
0 .005(H )
0.002 I 
0 .0 0 2 3  
0 .0 0 2 3  
0.002:1 
0.002.'l 
0.0022 
0.0022 
0.0022 
0.0022 
0.0022 
[-: 1: 
0.0021 
0.0021 
0.0021 
0.0021 
0.0021 
0.0021 
0.0021 
0.0021 
0.0020 
0.0020 
0.0020 
0.0020 
0.0020 
0.0020 
0.0020 
Kl: 
0.0020 
0.0020 
0.0020 
0.0020 
0.0020 
0.0020 
0 .0 0 1 9
19
19
18
18
IS
15
15
11
11
Cl
19
1.1
111
12
12
12
12
10
10
10
10
19
59
19
18
19
19
18
18
18
18
18
1.3 / 2 -
1 I / 2  +
1 5 /2 -
5 / 2 -
( M l )
(M l)
It2
F2
Ml
(F2 + M1) 
(K2 + M1) 
Ml
F. I 
(M l)
(M l)
(M l)
(M l)
F2(+M1)
( M l )
(F2) i:i/2-
(MI + E2)
It 2 15 / 2 “
F1
(F2 +  M1) 
(M l)
.1/ 2 -
5 /2 - 218-1.5 732.5 3-8
5/2+ 2091.3 638.9 1-8
1 7 /2 - 21 19.8 688.7 ,'l-m
7/2  + 231.5.9 880.1 1-rn
1 1 /2 - 2318.9 881.2 2-rn
9 /2  + 2207.1 710.7 1-m
15/2“ 2319.5 816.0 .'J-rn
5/2+ 2155.2 638.9 1-8
7 /2 - 1995.0 176.1 3-8
1 /2 - 2068.7 5-15.9 3-8
1 5 /2 - 2206.1 673.1 2-m
3/2  + 1 737.6 203. 1 1 - 8
7/2+ 2173.3 633.7 1 - 8
7 /2  + 2178.2 633.7 1-8
9 /2 - 2300.5 75.5.1 3-tn
.3/2 + 1751.9 203.1 1-8
1 /2 - 2095.6 5-15.9 •>-8
1 /2 - 2102.1 5-15.9 1-8
15/2“ 2237.6 673.1 2-rn
1 3 /2 - 2318.8 719.3 2-m
1 /2 - 2 121.0 5-15.9 d-8
17/2 — 2268.2 688.7 3-m
15/2“ 2253.5 673.1 2-m
.3/2+ 1786.5 203. 1 1-8
1 1 /2 - 1807.6 223.9 2-m
I 5 /2 - 2-101.2 816.0 3-m
13/2 — 23.37.1 719.3 2-m
9/2  + 2300.6 710.7 1-m
13/2“ 2313.3 719.3 2-m
11/2 — 2221.7 619.8 3-m
1 5 /2 - 2280.1 673.1 2-m
.3/2 + 1811.2 203.1 1-8
1 /2 - 2151.1 5-15.9 •1-8
9 /2  + 2319.1 710.7 I-m
( t a b l e  c o n ’d . ) CnO
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z * 8 z i 1 ' Z 2 1 z - Z / i :
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uj-r. 1 T 2 9 m u z - Z / E l
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Table 4.5: Continued
F^ " ^ H g  decay lnrm [Iy <lecay Th(’orv[6f)] F, \l,
----------------- ------  _ ,iK ----  Multipolarity !, | /
(keV) I , (A I ,) " )  U (Ain) I ,  (A I-,)'’) In (Ain) K2 Ml (keV) (keV)
1716.8 1-2(8) 1 /2 - ■>?93 3 515.9 ■H
1793.0 1.8(2) 3 /2  + 1997. 1 203.1 i-s
1803.6 2.9(2) 11 /2" 2300.5 196.8
1801.0 0.75(15) H / 2 - 2633.3 829.3 3-m
1830.6 2.7(3) 5/2 + 2121.6 291.0 i-s
1818.3 1.8(2) 3 /2  + 2051.7 203.1 i-s
1850.5 3.0(8) 5/2 + 7/2+ 2316.1 195.6 l-«
1853.8 0.10(15) 11/2“ 2351.1 196.8 3-in
1857.2 2.3(2) 9 /2 _ 2300.5 1 1.3.3 3-m
1857.8 2.7(6) 7 /2 - 218 1.5 325.9
1863.7 13.6(22) 5 /2  + 2155.2 291.0 i-s
1882.3 5.1(5) 5/2+ 2173.3 291.0 1-s
1883.5 0.9(2) 1 3 /2 - 13 /2" 2237.7 353.9 3-m
189 l. t 1.15(10) 13/2" 22 18.1 353.9 3-m
1899.5 0.3(1) 1 5 /2 " 2572.9 673. 1 2-rn
1900.0 6.8(1 1) 3/2+ 2103. 1 203.1 i-s
1902.3 0.9(2) 5 /2  + 5/2  + 21 12.6 2 10.3 i-s
191 1.2 3.0(3) 1 3 /2 - 13/2" 2268.2 353.9 3-m
191 1.9 5.1(13) 5/2+ 2155.2 210.3 i-s
192 1.5 3.1(9) 3/2+ 2127.9 203.1 1-S
1932.5 2.3(1) 5/2+ 2173.3 210.3 l-s
1935.7 1.1(9) 5 /2  + 7/2 + 2131.3 195.6 i-s
1939.5 1.8(1) 5 /2  + 3/2 + 21 12.6 203.1 i-s
1951.7 5.1(11) 3/2+ 2155.2 203.1 i-s
1952.0 0.3(1) 15/2" 2625.0 673.1 2-m
1952.1 0.9(2) 13 /2" 2306.3 353.9 3-m
1957.3 1.1(7) 5 /2 - 7 /2 " 2283.2 325.9 ll-S
1969.1 •1.9(9) 3/2+ 2173.3 20.3.1 i-s
1971.3 1.35(20) 13/2“ 2328.2 353.9 3-in
1989.1 1.0(2) 13/2“ 2313.1 35.3.9 3-m
1997.0 1.9(2) 13 /2" 2351.1 35.3.9 3-rn
1999.1 10.1(9) 13 /2“ 11/2“ 2223.3 223.9 2-m
2013.0 5.7(16) 5/2+ 2253.2 2 10.3 i-s
2013.9 9.0(9) 11/2" 2237.6 ?'>3 9 2-m
( t a b i c  c o n 'd . ) CnbO
Table 4.5: Continued
l ' - 7
(keV)
l8r»llg  decay
I ,  (A I,)'* ) 1, (Al«)
ls rm IItr decay
<‘ h
1, ( A I , ) 6) 1, (A le)
Theory [60]
_.... ------  M ultipolarity
G2 Ml
1, !/
E;
(keV)
>V
(keV)
2028.9 0.9(2) 7/2+ 252 1.5 195.6 i-s
2029.9 6.3(2) 1 1 /2 - 2253.5 223.9 2-m
20 17. 2.7(6) 1 /2 - 2323.0 275.0 3-g
20 17.3 1.0(2) 1 3 /2 - 2 101.2 353.9 3- rn
20 19.5 1.5(2) 3 /2  + 2253.2 203.1 l-S
2065.7 3.7(1) 9 / 2 - 2186.2 120.5 3-rn
2076.6 11.7(9) 1 1 /2 - 2300.5 223.9 2-m
2081.5 5.(1) 9 / 2 - 2202.0 120.5 3 -m
21 12.7 0.9(2) 3 /2  + 23 16.1 20.3.1 i-s
2163.0 1.8(1) 5 /2  + 2 103 3 2 10.3 i-s
2179.9 23.5(5) 9 / 2 - 2300.5 120.5 3 -m
2199.9 0.7(2) 3 /2  + 2 103.3 203.1 i-s
2207.5 3.1(3) 9 / 2 - 2328.2 120.5 3 -m
2227.9 0.9(2) 5 /2+  3/2+ 2131.3 203.1 l-S
2301.0 1.6(2) 3 /2  + 250 1.1 203. 1 I-s
2321.1 0.7(2) 3 /2  + 252 1.5 203.1 t-S
1- ....... *M/2* ^3/2* ^5/2 hands
2- ....... h u / 2  hands
3- ....... hg jn bands
g   <»nly in lti,JMlg decay
m ....... only in ld7mHg decay
R ....... running gate m ethod
T ......  to ta l intensity
L»12 .....  conversion coefficient for U 2-shell electrons
“ ) .....  U(2U3.*l)=tOU.
6) .....  I7 (233.l) =  HKh
T a b le  4.6: T ransitions not shown in the  decay scheme
E-, ia7»HK decay ia7m 1 It; decay fho(*ry[60] Hi Iv----------------  ------------- n K --------- M ultipnltiritv I,- '/
(keV) 1- (A I7)“ ) 1, (A Ie) l7 (A U )1’) U (A I.) F.2 MI (kc\ ) (keV)
159.8 2.1(5) (ibscu red 0.2901 1.6337 1 /2 - 705.7 515.9
183.2 0.6(2) 0.7(3) 1.2 (6) 0.2106 1.1216 (M l) 5/2+ 5/2 + 687.0 50.3.8 i-s
212.7 2.0(5) 0.6(1) 0,3(1) 0.1362 0.7393 K2+.M 1 5/2+ 5/2 + 503.8 291.0 1-8
13.3.1 0.9(3) 0.02 1(7) 0.027(10) 0.0262 0.1071 (K2) 5/2 + 1120,1 687.0 1-m
521.6 0.6(1) 0.0065 0.0172
565.9 1.3(1) 0.03(2) 0.02(2) 0.0136 0.05.32 3/2+ 1161.2 595,3 1-s
656.1 0.1(1) 0.0107 0.0363 1.3/2- 1305,1 739.3 2-m
657. 0.35(15) 0.02(1) 0.05(3) 0.0107 0.0.362 2236,5 1590,5 ,'1-rn
778.6 1.8(2) 0.06(2) 0.03.3(15) 0.0076 0.02.33 (M l) 1/2 + 778.6 0.0 i-s
78U. 0.1(1) 0.010(3) 0.025(13) 0.0076 0.02.33 (M l) 1 1 /2 - 1276.7 996.8 J-m
781.5 0.35(10) 0.003( I) 0.0076 0.0232 17/2“ 1371.2 688.7 .J-m
1066. 0,1(1) 0.0032 0.0106 1 1 /2 - 1562.8 996.8 3-m
11 10.6 0.8(1) 0.003(2) 0.005(3) 0.0039 0.0095 (E 2+M I) 13/2 — 1 163,5 35.3.9 3-rn
1 I 16.6 0.70(15) 0.00.3(2) 0.001(3) 0.0036 0.0088 15/2 — 1820.0 673,1 2-rn
1 156.5 0,15(15) 0.002(1) 0.005(3) 0.0036 0.0086 (E2+M 1) 1 1 /2 - 2353.1 I 197.6 2-rn
1291.7 0,15(15) 0.002(1) 0.005(3) 0.0029 0.0065 11/2" 1791,5 996.8 3-m
1315.2 0,35(10) t, mi weak 0.0028 0.0062 1 7 /2 - 2 171.1 1 158.9 3- rn
1368.7 0,10(15) 0.002(1) 0.005(3) 0.0026 0.0057 7/2 + 1861,3 19.5.6 I-rn
1381. 1.1(2) tin* weak 0.0026 0.0055 7/2 + 1876.6 395.6 l-fi
1 125.6 0.1(1) 0.0023 0.0051 1 1 /2 - 2306.8 881.2 2-m
1368. 0,3(1) 1.*m> weak 0.0023 0.00 17 3- rn
1561.0 0.1(1) 0.0021 0.0031 11/2“ 2183.8 619.8 3-m
1576.5 0.35(15) loo weak 0.0020 0.0030 1 1 /2 - 2073.3 996.8 3-m
1589.6 0.65(15) t(H> weak 0.0020 0.0039 15/2“ 2263.0 67.3.3 2-rn
1728.3 0.7(1) I.3/2- 2082.2 353.9 3-m
1761.3 0.1(2) 13/2 — 2513.6 739,3 2-rn
1889.3 0.5(2) 7/2 + 2383.9 995.6 1-m
2131.5 1.0(2) 3 /2  + 2333.9 203.1 I-K
2187.7 0.35(15) 13/2 — 2531.6 353.9 3-m
2197.3 0,3(1) 13/2 — 2551.2 353.9 3-m
225.3.0 0,35( 15) 13/2 — 2606.9 353.9 3-m
2331.6 0,1(1) 1.3/2- 2688,5 35.3.9 3- rn
2395.5 0.25(15) 13/2“ 2739.1 353.9 3- rn
( t a b l e  m n ' d . )
T a b le  4.6: C ontinued
R-»
(keV)
l8 ' 3Hg decay 
I ,  (A I-,)") Ie (Ale)
18,mIIg decay 
(A I7 )8) Ie (A Ie)
Thc*»ry[60] 
txK -------------  Multipolarity I
K2 MI
i h
R;
(keV)
E/
(keV)
2 111.1 0.3(1) 13/2“ 2768.3 353.') 3-m
2171.2 ()..'!(1) \:\/2- 2828.1 353.9 3-m
2186. 2.0(1) 1/2 + 2 186.0 0.0 t-g
1 - ..... • Sj j n , tig j 2 • d«j^ *» hands
2- ..... ■ ^ 1 1 / 2  hands
3- ..... . hg^ 2  hands
s ....... only in lA7tfHg decay
m ..... . onlv in 18,mMg decav
“ i ... . U(2l)3.1)-10U.
b) ..... I-y(233.-l)“  1IXJ.
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Before the  ite ra tio n  procedure, e lectron  in tensities from  bo th  experim ents 
were norm alized to  the  value of the  conversion coefficient of the  233.4 keV 
tran s itio n , which has E2 m ultipo larity . A fter th e  separation  of 7 -ray in tensities, 
th e  e lectron in tensities were recalcu lated  using separa ted  7 -ray in tensities and the 
in te rn a l conversion coefficients not affected by th e  ite ra tion . T he erro r in th e  last 
rep o rted  digits of th e  in tensity  is given by th e  num bers in parentheses.
T he experim en tal in te rn a l conversion coefficient, ( a f t ) , ,  for th e  i lh tran s i­
tion  was calcu lated  from  th e  determ ined  rela tive  7 -ray (/-, )• and electron in tensities 
( / e-)-  using th e  rela tion  ( a /<■),• =  ( / r - )•/(/-,)•• T he d a ta  from  e ither experim ent were 
used to  find (aft'),, w ith  th e  preference given to  th e  experim ent having th e  stronger 
rela tive in tensities for th e  specific tran s itio n . T he experim ental in te rn a l conversion 
coefficients were th en  com pared  to  the  values tab u la te d  by Rosel etal.  , [60]. The 
com parison was done in  th e  following way. T he num bers from  th e  tab les [60] were 
converted  to  th e  form  of th e  polynom ial function  (using the  least square fit p ro ­
cedure). I t  was done for each m u ltipo la rity  needed for the  com parison (M l, E2, 
and  E l )  in logE-loga/< m ode, in which th e  dependence is alm ost linear for energies 
g rea te r th a n  100 keV. T he resu lting  polynom ial coefficients were th en  used in the  
com puter program  to  calcu late  th e  “th eo re tica l” in ternal conversion coefficients 
for a specific tran s itio n  energy1. T he sam e “theo re tica l” values for the  in ternal 
conversion coefficients were used in th e  com puter program , which calcu lated  the 
am ount of m ixing betw een th e  E2 and M l m ultipo larities in th e  experim ental a  ft- s, 
for a  few of th e  stronger tran sitions.
E lectron  in tensities and conversion coefficients are  en tered  up to  1668
keV in th e  tab les, because th a t  was th e  range for the  electron spectra  in bo th  
’T he other m ethod would be to use the interpolation m ethod.
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experim ents. T he erro r in th e  last rep o rted  digits of the  experim ental conversion 
coefficients is given by th e  num bers in parentheses.
T he spin assignm ents for the  in itia l and  final level for a tran sition  are 
en te red  in to  th e  tab les only for uniquely assigned values. T he two or th ree  possible 
spin values for a level are  only shown in th e  figures of the  decay schem e.
T he last colum n in Tables 4.5 and  4.6 (like 2-m, 2- where 2 m eans th a t  
th e  tran s itio n  belongs to  th e  s tru c tu re  of the  h n / 2 bands and m  m eans th a t  the  
tran s itio n  is from  18,mHg decay) facilitates faster com m unication betw een tables 
and  decay schem es.
4 .5 .2  T o ta l  I n te n s i t i e s  a n d  D e c a y  S c h e m e s  T he resu lts  of the  
ite ra tio n  p rocedure, the  de te rm ined  coincidence correlations, and the  sp in -parity  
assignm ents are p resen ted  in  th e  form  of a  decay schem e in Figures 4.24 to  4.31. 
In  all these figures th e  num bers w ritten  a t the  top  of the  arrows are: th e  tran sition  
energy (in keV ), th e  nex t num bers are  to ta l in tensity  and its error in last digits (in 
paren theses), and th e  last num ber is th e  m ultipo larity  of the  tran sition  (if found).
T he  to ta l in tensity  (I{0t) is calcu lated  from  th e  known gam m a in tensity  
(I7) and  th e  to ta l in te rn a l conversion coefficient (a tol) using th e  relation:
I(o( =  I-> (l+c*f0f)- For th e  tran s itio n  w ith  m ixed m ultipo larity  (M 1+ E 2) the  to ta l 
in te rn a l conversion coefficient { a lol) was calcu lated  from  th e  experim en tal value of 
a/c using the  fact th a t  th e  m ixing ra tio  betw een M l and E2 in a/< is th e  sam e as 
in th e  a lol. T he  am ount of m ixing was found from  th e  relation:
a K ( E t) = x a ^ u h ( E t ) + (1 -  x)  a %2'" '(£ ,) .  (4.7)
For a few transitions x was found experim entally  (using K to  L or L I ,2 to  L3 
ratios depending  on th e  s itu a tio n  in th e  electron spectrum ) and is given in the
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form  of a percen tage  in Table 4.5. For the  o ther m ixed tran sitio n s , x was found 
using E quation  4.7, from  th e  known value for th e  experim ental c*/< and  for the  
theo re tical values for th e  a . ^ ' th and for the  specific energy of th e  transition .
These values for th e  m ixing (x and 1 — a;) were not en tered  in Table 4.5 and 
Table 4.6., b u t they  were used in E quation  4.8 to  find th e  to ta l in te rn a l conversion 
coefficient.
a lot(Ei)  = x a ^ Uh(E,)  +  (1 -  x )  a f0f th(E,).  (4.8)
For a few special cases (ind icated  in Table 4.5 w ith ‘T ’, like 36.9 keV tran sitio n ), 
only th e  to ta l in tensity  is know n, obtained  from  the  type  of analysis explained in 
th e  th ird  exam ple of th e  section 4.3.7.
For th e  tran s itio n  having m ultipo larity  w ith an EO com ponent, th e  to ta l 
in te rn a l conversion coefficient was calculated  using th e  N uclear D a ta  Tables [81], 
assum ing th a t  th e  con tribu tion  from  th e  E2 m ultipo larity  is zero. T he assum ption  
is based on the  fact th a t  o u t of the  th ree  com ponents (EO, M l, and  E2) E2 is the  
sm allest one when ock >  «K'(M 1, theo ry ). T he to ta l in tensity  for such a tran sition  
was found using th e  equation:
Itoi = A (  1 + < C - '* )  +  /£ "  +  J f  (4.9)
w here I^° =  Iexp — l j / l e =  I lxp — I7 a ^ l 'lh because of th e  IE2 =  0 assum ption , 
and  l f °  =  If-u j^. T he  values for the  ra tio  were taken  from  th e  N uclear D a ta  
Tables [81]. This ra tio  has a  fairly constan t value, being 0.1719 for th e  322.9 keV 
tran s itio n  energy and 0.1688 for the  657.3 keV one.
In  all th e  figures (F igure  4.24 to  F igure 4.33), th e  black circle a t th e  end or 
beginning of th e  arrow  (representing  a tran sitio n ) m eans th a t  there  are  transitions 
found th a t  are in coincidence w ith it. T he open circle ind icates th a t  th e  coincidence
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is weakly observed. A few transitions , which do not have identified coincidences 
(beside th e  p roper X -rays), a re  p u t in  th e  schem e as d o tted  arrow s according to  the  
R itz  com bination  (such as 2065.7 keV in F igure 4.33). T he  add itiona l in form ation , 
specific to  th e  experim ents (sep ara ted  in tensities for 18'3Hg and  18'3Hg decays) 
allows one to  p u t such a tran s itio n  in e ither one or th e  o th er decay.
T he decay of the  ground s ta te  of 187Hg is p resen ted  in  F igures 4.24 to 
4.27. F igures 4.24 and  4.25 show, in two p a rts , th e  decay schem e for th e  proposed 
level s tru c tu re  of th e  Sj/2, d 3/ 2, and  d 3/ 2 bands in 18lAu as a resu lt of the  18'3Hg 
decay. T he band  m em bers are ind ica ted  by th e  sho rt, black, horizontal lines. 
T he  strongest tran s itio n  in  the  18'3Hg decay, the  203.4 keV tran s itio n , is in th is 
s tru c tu re . T he two tran sitions  w ith  an EO com ponents (387.7 and 391.9 keV) and 
two w ith a x  > a ^ x'lh (575.8 and  791.0 keV) connect s tru c tu re s  in th e  s j /2, d;*/2, 
and  d 5/ 2 bands. A few levels and  transitions seen in th e  high spin experim ents [18] 
and  [19] will be discussed in the  nex t chap ter. F igure 4.26 shows a decay schem e 
for th e  proposed level s tru c tu re  of th e  h n / 2 bands in 18'A u  as a resu lt of th e  18'3Hg 
decay. A few transitions connecting  th e  h n /2 s tru c tu re  w ith  th e  positive parity  
s ta tes  (from  th e  S]/2, d3/2, and  d 5/ 2 s tru c tu re )  are also draw n (like 101.0 keV (E 3),
236.3 keV (E l) ,  and  185.7 keV (E l) ) .  A few known half-lives [18] are w ritten  to 
th e  right of th e ir  level energy values, like 8 .0  m inu tes for th e  ground s ta te , 6 ns for 
th e  level a t 19.5 keV, and so on.
F igure 4.27 shows a decay schem e for th e  proposed level s tru c tu re  of the  
h 9/ 2-f7/2 bands in  18'A u  as a  resu lt of the  18'3Hg decay. T he 284.5 keV transition  
w ith  an  E0 com ponent connects the  5 /2 “ and 5 /2 “ ' band  heads.
T he decay of the  m etas tab le  s ta te  of 18'H g  is p resen ted  in Figures 4.28 to 
4.33. F igures 4.28 and 4.29 show, in two p a rts , th e  decay schem e for th e  proposed
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F ig u r e  4.24. The proposed level s tru c tu re  of the  s , /2, d :i/ 2, and d 5/ 2 bands in l8'A u  
as a resu lt of the  ,8 ' 9Hg decay. Levels betw een 0 and 994 keV are shown. Short 
dark  horizontal lines ind icate  m em bers of the  sam e band. Black circle indicates 
a definite coincidence rela tion , while the  open one ind icates a weak coincidence 
relation. T ransition  and level energies are given in keV. T he to ta l intensity , with 
the  error in last digits in the  parentheses, and m ultipo larity  is given above the 
tran sition  energy.
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Figure 4.25. The proposed level structure of the S ] / 2 ,  d 3 / 2 ,  and dr,/2 bands in
'S'Au as a result of the ,R"'Hg decay, between 0 and 2524 keV. See caption to
Figure 4.24 for details.
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and d 5/2 bands. A few levels and tran sitions  seen in th e  high spin experim ents [18] 
and [19] will be discussed in th e  next ch ap te r. F igure 4.26 shows a decay schem e 
for th e  proposed level s tru c tu re  of the  h n /2 bands in 18'A u  as a resu lt of th e  18TsHg 
decay. A few transitions connecting the  h n /2 s tru c tu re  w ith the  positive parity  
s ta te s  (from  th e  S]/2, d3/ 2, and  d 5/ 2 s tru c tu re )  are  also draw n (like 101.0 keV (E3),
236.3 keV ( E l) ,  and  185.7 keV (E l) ) .  A few known half-lives [18] are w ritten  to 
th e  righ t of th e ir  level energy values, like 8 .0  m inutes for the  ground s ta te , 6 ns for 
the  level a t 19.5 keV , and so on.
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F ig u r e  4.27: The proposed level s tru c tu re  of the  h9/ 2-fr/2  bands in IH7Au as a result of the  187,JHg decay.
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Figure 4.28. The proposed level structure of Si/2, d3/2, and d5/2 bands from 18”Au
as a result of the 18,mHg decay, from 0 to 1149 keV. See caption to Figure 4.24 for
details.
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F ig u r e  4.29. T he proposed level s tru c tu re  of S |/2, d ;i/ 25 and d 5/ 2 bands in l87Au 
as a  resu lt of th e  18,mHg decay, from  0 to  2346 keV. See caption to  F igure 4.24 for 
details.
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F ig u re  4.30: The proposed level s tru c tu re  of the  h n /2  bands in l87Au as a result of the  ,8TmHg decay.
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Figure 4.31. The proposed level structure of h!)/2-f7/2 bands in 187Au as a result
of the ,8"''Hg decay, from 0 1122 keV. See caption to Figure 4.24  for details.
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Figure 4.32. The proposed level structure of hf)/2-f-/2 bands in 18,Au as a result
of the IRl’"Hg decay, from 0 1568 keV. See caption to Figure 4.24 for details.
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F ig u re  4.33. T he proposed level s tru c tu re  of the  h<^.-f7/2 Ibands from 
decay, from  0 to  2633 keV.
181 Au as a result of the  !87mHg
<0
170
T here are th ree  transitions w ith  an E0 com ponent (322.9, 388.2, and 478.1 keV) 
connecting levels of bands built on the  9 /2 “ and 9 /2 -/ band  heads. A few tran s i­
tions w ith the  E l  m u ltipo la rity  (for exam ple 768.0, 625.0, 501.9, 305.4 keV) connect 
levels of the  i j / 2 and  h 9/ 2-f~/2 bands.
4 .5 .3  D if fe r e n c e  b e tw e e n  S t r u c t u r e  o f  I8'A u  R e a c h e d  O n ly  b y  
t h e  D e c a y  o f  G r o u n d  o r  O n ly  b y  t h e  D e c a y  o f  M e ta s ta b l e  S t a t e  o f
I87H g  These two decay schem es, which are a resu lt of th e  ite ra tio n  procedure, 
reveale qu ite  different p a rts  of th e  18'A u  s tru c tu re . T he 203.4 keV transition  is the 
strongest in the  3 /2 ~ , 18'9Hg decay, while the  233.4 keV transition  is the  strongest 
in th e  1 3 /2+ , 18,mHg decay. T he decay of the  3 /2 ” s ta te  reveals 62 m ostly  low- 
spin levels in  18'A u , connected by 171 tran sitio n s . T he decay of th e  1 3 /2+ isom er 
reveals 148 m ostly  high-spin levels in 18'A u , connected  by 362 transitions. O ut of 
these num bers, 16 levels and 42 transitions are com m on to bo th  decays.
Differences in th e  18'A u  s tru c tu re , as revealed by th e  3 /2 “ or 13 /2 + decay, 
can be seen in d a ta  from  b o th  experim ents. Figures 4.34 and 4.35 show exam ples of 
th e  background su b trac ted  gates w ith transitions having qu ite  different in tensities 
in the  first and second experim ents.
F igure 4.34 has tw o “7 -gated  7 ” gates. T he top  two 7 -ray  sp ec tra  are 
gates on th e  203.4 keV tran sitio n  (as an  exam ple of th e  tran sitio n  from  th e  S)/2, 
d 3/ 2) d 5/2 s tru c tu re )  from  the  first and second experim en t, respectively. T he t ra n ­
sitions 391.9 and 393.4 keV 2, which are b o th  low-spin tran sitions (reached only 
by th e  3 /2 “ decay) are stronger (relative to  th e  o ther transitions in the  ga te ) in 
th e  first th a n  in the  second experim ent. On th e  o th e r hand , the  transitions 430.2,
2The transitions 391.9 and 393.4 keV are part o f the same peak in both spectra in Figure 4.34, 
because they are both in coincidence with the 203.4 keV transition on which the gates are pulled.
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F ig u r e  4.34. Background-subtracted gates on the 203 keV (top) and the 252 keV 
transition (bottom ), from the 7-7 coincidence data from both experiments.
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438.8 and 470.3 keV , which are all high-spin tran sitions  (reached only by the  13 /2+ 
decay), are s tronger (re lative to  o ther tran sitions) in the  second th a n  in th e  first 
experim ent.
T he b o tto m  two 7 -ray  spectra  are gates on the  252.5 keV tran sitio n  (as an 
exam ple of the  h n / 2 s tru c tu re )  from  the  first and second experim en t, respectively. 
T ransitions 579.3, 757.3, 761.0, and  783.8 keV , which are all low-spin transitions, 
are  stronger (re lative to  th e  o ther transitions in the  gate) in th e  first th a n  in the  
second experim en t. A t th e  sam e tim e, th e  363.3 and 751.9 keV transitions , which 
are high-spin tran sitions , are stronger (re lative to  th e  o ther transitions in th e  gate) 
in th e  second th an  in th e  first experim ent.
F igure 4.35 shows th e  two background-sub tracted  gates from  th e  7 -e co­
incidence d a ta . At th e  top  of the  figure are the  gates on the  103L keV electrons, 
from  the  first and  second experim en t, showing 7 -ray spectra . T he gate-w indow  
covers th e  103.3 and 103.4 keV transitions , th e  first being low-spin and th e  second 
being a m ixed tran s itio n  (reached  by th e  3 /2 “ and 13 /2+ decays). T h a t is why the 
spectrum  from  th e  first experim ent has th e  153.3, 181.4, 270.9, and  700.3 keV low- 
spin transitions stronger th a n  in the  spectrum  from  the  second experim en t, while 
th e  449.2, 525.4, and 657.3 keV high-spin transitions are stronger in th e  spectrum  
from  the  second experim ent.
T he b o tto m  two sp ec tra  are gates on th e  205.4 keV gam m as, showing 
the  e lectron  sp ec tra  from  b o th  experim ents. T he 205.4 keV is a m ixed tran sition , 
having th e  407.8 keV low-spin tran sition  stronger in the  first experim en t, and the  
429.6 and 659.4 keV high-spin transitions stronger in th e  second. T he  393.4 keV 
tran s itio n  (deno ted  by 393Ka in the  figure) is in b o th  spectra , because th e  gate
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F ig u r e  4.35. B ackground-sub trac ted  gates on the  103L keV electrons (top ) and 
th e  205 keV gam m as (b o tto m ), from  the  7 -e coincidence d a ta , from  b o th  experi­
m ents.
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F ig u r e  4.36. A section of the  spectrum  from  the  background-sub tracted  gate  on 
th e  525 keV transition . T he tran sitio n s , shown in th e  figure, depopu la te  th e  s ta tes  
which correspond to  a  coupling betw een a p ro ton  and th e  s ta tes  in the  core w ith 
energy g rea ter th an  th e  pairing gap.
window includes also the  high energy p a rt of the  peak  represen ting  th e  203.4 keV 
tran sitio n .
4 .5 .4  S t a te s  a b o v e  t h e  P a i r in g  G a p  A group of s ta tes  has been 
located  near 2 M eV, in all th e  s tru c tu res , which corresponds to  a  coupling betw een 
a p ro ton  and th e  s ta tes  in th e  core w ith energy g rea ter th a n  th e  pairing gap. 
F igure 4.36 shows such s ta tes  in the  exam ple of the  s ta tes  from  the  7rh] 1/2 s tru c tu re  
in IR'A u  from  the  second experim ent.
4 .5 .5  C o n n e c t io n  to  t h e  I n - b e a m  D a t a  We have identified a 
num ber of tran sitions , seen in th e  lower-spin p a rt of the  in-beam  d a ta  [18], [19]. 
T he transitions can be divided into the  th ree  groups, re la ted  to  the  s tru c tu re s  of 
th e  7r+ 1(h9/ 2-f7/ 2), th e  7r _ 1h 11/2, and the  7T-1 (s1/ 2-d3/ 2-d5/ 2).
F igure 4.36 shows a p a rt  of the  band  s tru c tu re  built upon the  7r+ 1(h 9/ 2- 
f - /2) coniguration . O nly the  transitions seen in th e  in-beam  d a ta  [18] (and  partially  
in [19] are  draw n, w ith  the  tran sition  to ta l in tensities p roportional to  a thickness
1 7 / 2 + 1380.8
148.3;
1 9 /2 ~  12 32 .7 ^  /  259.2
1 7 /2 ~  1167.1
9 /2  17 /2
564.8
416.9
544.0425.0 478.1
1 5 /2  T  8 1 6 .0 y  I  625.0 
692.
/
1 3 /2 ~  T  742.1
688.7
319.2
298.6
388.2 334.8 496.8
\
443.3
353.9
376.3271.2 322.9
233.4
171.8
i1 3 /2  T  1121.8
120.5
F ig u re  4.33. T he proposed level s tru c tu re  of the  hg/a-fr/a bands from  ,8'A u  as a result of the  18,mHg 
decay, from  0 to 2633 keV.
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of the  tran sitio n  arrows. T he  two possible spin assignm ents for the  p a rt of the 
s tru c tu re  (assigned as 5 in [18]) are uniquely defined in our decay schem e due to 
the  EO transitions (322.9, 388.2, and 478.1 keV) connecting levels bu ilt on the 
9 /2 “ and 9 /2 “ '. T he  rest of th e  s tru c tu re  draw n in F igure  4.37 agrees w ith the 
lower-spin p a rt of th e  in-beam  data .
T he upper p a rt  of F igure 4.38 shows the  band  s tru c tu re  bu ilt upon the 
7T“ 1h n / 2) a n d the  lower p a rt  of th e  figure shows the  band  s tru c tu re  built upon the  
7r _ 1( s i /2-d3/ 2-d 3/ 2). T he 7r _ 1h ] i /2 s tru c tu re  differs in a few po in ts w ith the  in-beam  
d a ta  [18]. T he strong  449.2 and  525.4 keV transitions , as well as th e  not th a t weak
448.3 and  524.5 keV tran sitio n s , enabled us to  use runn ing  gate  analyses to  sort 
ou t th a t  difficult com bination. T he sam e analysis revealed yet ano th e r transition  
(450.1 keV) no t draw n in th is figure. T he 7r “ ! ( s j /2-d3/ 2-d5/ 2) s tru c tu re  from  our 
d a ta  agrees w ith  th e  one from  the  in-beam  d a ta  [18].
4 .5 .6  /3+ / E C  F e e d in g  in  t h e  D e c a y  o f  ls '!' '”'H g  to  t h e  L e v e ls  in
187A u  C lassification of b e ta  transitions is based on various diagnostic criteria , 
am ong which comparative ha l f- l i fe , f t ,  is a very im p o rta n t one. W ith  o ther d a ta , 
and p articu la rly  w ith the  predictions of nuclear m odels, f t  values are an im p o rtan t 
aid in m aking spin and  p a rity  assignm ents (especially for sim ple decay schem es).
T he assum ption  th a t  the  nuclear m atrix  elem ent M ,j  is independen t of 
(3 energy (valid for allowed transitions only) leads to  th e  relation : f t  oc py -p - 
Accordingly, the  f t  value provides an inverse m easure of th e  overlap betw een the  
wave function  of the  in itia l and  final nuclear s ta tes  in j3 decay. O n th e  o ther hand , 
the  com parative half-life of a  tran sition  should be approx im ate ly  th e  sam e for all 
tran sitio n s  w ith  sim ilar m a trix  elem ents.
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F ig u r e  4.38. T he top  shows a p a rt of the  7r~ 1 h 11/ 2 s tru c tu re  in 1R,Au which 
corresponds to  the  lower-spin p a rt of the  in-beam  d a ta  [18] and [19] w ith a few 
different points. T he b o tto m  shows a p a rt of the  7r _ 1(s 1/'2-d3/ 2-dr)/ 2) s tru c tu re  which 
corresponds to  the  lower-spin p a rt of th e  in-beam  d a ta  [18] and agrees w ith it.
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For th e  general case, when com parative half-life cannot be evaluated  in 
a closed form , extensive tabu la tions  are available [82]. Table 4.7 shows values 
for logf t ,  e lectron  cap tu re  (E C ) and  /3+ feeding (% ), as well as separa te  EC  and 
/3+ feedings, calcu lated  for th e  decay of 18'sHg and 18imHg using th e  theore tical 
c + /u h) an d l ° g { f o C / f t ) for m ost of the  levels (a, b, d , and e n o ta tion  in the  
com m ent colum n “C om .” in  Table 4.7) and  in add ition  lo g [(/tf c f f  ) / { f f ' C + f t )] 
and l o g [ ( f f c / f f ) / ( f {f c / f f ) }  for the  first forbidden unique (EC  +  /3+ )-decay to 
th e  level, as tab u la te d  by Gove and M artin  [82]. All the  values used from  th e  tables 
in ref. [82] are p lo tted  in F igure  4.39.
T he use of tables (for a , b, d, and  e) is shown on th e  exam ple of the  
level a t 428.4 keV w ith  th e  spin of 3 /2~  in 18'A u . This is the  level reached by the  
/3-decay of 18' 3Hg, therefore represen ting  a tran sitio n  having A I= 0  and no change 
in parity . T he log ft value for the  allowed (EC  +  /3+ )-branch  is calcu lated  using 
th e  relation:
log f t ,  = log t, +  lo g ( / ,f c +  f t ),
w here t, =  1-±fL and I, =  , and the  values for lo g ( / ,fc  +  f f ), are2-j=l \‘drp ‘Jec.d)j
taken  from  Table 3 in ref. [82]. Irfep and l j ccri are th e  sum  of to ta l in tensities of 
th e  tran sitions depopula ting  and feeding th e  level, respectively, while n  is th e  to ta l 
num ber of levels in th e  nucleus. T he separa te  con tribu tions of EC  and /3+-decajr 
for th e  allowed tran sitions  are calcu lated  using the  relations:
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T a b le  4.7: /3+/E C  feeding in decay of 18,»'mHg (3 /2  , 13 /2 + ) to  ,8'A u
Energy Feeding (%) 3 /2  decay Feeding (% ) 13 /2 + decay
(k .V )
Spin
EC fr /3 + EC (3+ log/1 EC 13+ EC 13 + log/<
Cum.
o . o 1 /2  + 1-8 b
19.5 3 /2  + 1-R b
120.5 9 /2 - 27.65 16.61 11.09 7.37 •3-m c
171.8 5/2 3 -r ii
203.1 3 /2  + 9.92 6.13 3.79 6.12 1-8 !>
22.'i.9 1 1 /2 “ 6.39 3.97 2.91 6.21 2-rn h
2-10.3 5 /2  + 6.77 3.23 2.53 6.28 1-8 l>
275.0 1 /2 - 3.93 2.39 1.55 6.50 1 -8 a
291.0 5 /2  + 9.25 5.88 3.36 6.12 1-8 1’
325.9 7 /2 - 8.33 5.37 2.98 6.16 3-g <1
353.9 1 3 /2 - 9.92 2.87 1.55 6.32 3-in h
328.3 3 /2 “ 1.31 0.87 0.33 6.93 3-8 a
333.3 9 /2 - 1.92 0.95 0.97 8.51 3-rn c
350.2 5 /2 - 3.36 2.25 1.1 1 6.51 3-8 «
376.3 7 /2 - 0.36 0.23 0.12 7.97 2-8 <1
395.6 7 /2  + 0.37 0.25 0.12 9.16 1-8 r
396.8 1 1 /2 - 1.29 0.89 0.30 6.83 3-in b
503.8 5 /2  + 1.07 0.73 0.35 6.99 1-8 t>
535.9 1 /2 - 1.52 1.05 0.57 6.82 3-8 a
590.9 3 /2  + 2.07 1.35 0.62 6.68 1-8
595.3 3 /2  + 2.03 1.32 0.61 6.68 1-8 b
597.8 7 /2 - 3.02 2.11 0.90 6.51 3-8 <1
619.8 1 1 /2 - 0.89 0.59 0.25 6.96 3-ni b
633.7 7 /2  + 2.00 1.32 0.58 8.37 l-g r
638.9 5 /2  + 1.99 1.31 0.58 6.68 1-8 b
673.3 1 5 /2 “ 0.1 7 0.12 0.05 7.61 2-m b
673.0 (9 /2 .1 1 /2 )- 0.52 0.37 0.15 7.1 5 2-m <•
687.0 5 /2  + 1.39 l . o o 0.39 6.82 l-g b
688.7 1 7 /2 - 0.95 0.68 0.27 8.57 3 -m  t
710.7 9 /2  + 0.61 0.99 0.1 7 7.07 1-m H
732.5 5 /2 - 2.00 1.36 0.59 6.65 3-g a
732.1 1 3 /2 “ 2.99 1.82 0.67 6.95 3-m h
719.3 1 3 /2 - 2-m b
753,5 3 /2 - 2.51 1.83 0.67 6.59 3-g a
755.3 9 /2 - 3-m c
767.0 9 /2  + 1.17 0.86 0.31 6.77 1-m d
778.6 (3 /2 ,5 /2 ,7 /2 )+ 0.76 0.56 0.20 7.05 l-g  c
816.0 1 5 /2 “ 1.99 1.11 0.38 6.69 3-m b
822.7 5 /2  + 0.01 0.01 8.90 1-8 b
829.3 1 1 /2 “ 0.96 0.72 0.29 6.8.3 3-m b
830.3 9 /2 “ 0.60 0.95 0.15 8.70 2-m c
876.8 5 /2 - 1.80 1.37 0.99 6.69 3-g a
880.3 7/2+ 1 - in d
881.2 1 1 /2 - 0.99 0.33 0.11 7.15 2-in b
933.5 (5 /2 ,7 /2 ) + 1.03 0.80 0.29 6.76 1-111 V
938.0 (1 /2 .3 /2 ) - 0.38 0.30 0.09 7.29 3-g a
950.5 (7 /2 ,9 /2 )" 0.13 0.10 0.0,3 7.66 3-m c
956.7 1 3 /2 - 1.19 0.92 0.27 6.69 3-m b
965.6 7/2  + 1-m d
968.3 11/2 + 0.70 0.59 0.16 6.92 1-m a
975.3 3 /2 - 0.03 0.02 0.01 8.37 3-g a
983.9 9 /2 - 0.25 0.19 0.05 9.01 3-m c
( t a b l e  c o n ’d . )
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Table 4.7: continued
Energy feed in g  (%) 3 /2  decay lead ing  (7r) 13/2 + decay
(k e \ ) EC A- £1+ EC 3 + log ft EC & /3 + EC 3+ logJl
993.3 1 5 /2 “
991.-1 ( l /2 .3 /2 .5 /2 )  + 0.35 U.27 0.08
1015.0 7 /2  +
10 17.6 (11 /2 .13 /2) -
1036.0 3 /2 “  2.60 2.06 0.5-1
1121.3 11/2 +
1121.8 13/2 +
1126.5 (9 /2 .1 1 /2 )“
1147.8 1 3 /2 -
11-18.8 11/2 +
1119.5 13/2 +
1156.1 11 /2“
1158.9 17 /2“
1161.6 11/2 +
1167.1 1 7 /2 “
118-1.5 (7 /2 .9 /2 )“
1187.0 13/2 —
1197.6 1 1 /2 -
1205.5 9 /2  +
1228.8 9 /2 “
12.32.7 19 /2“
1233.7 (5 /2 .7 /2 ) -  0.30 0.25 0.05
1237.5 5 /2 “ 0.37 0.31 0.07
1 2-19.-1 1 1 /2 -
1260.2 3 /2 “  0.23 0.19 0.0 1
1276.7 (7 /2 ,9 /2 )“
1280.8 9 /2+
1291.1 (1 /2 .3 /2 )“ 0.22 0.18 0.0 1
1301.7 (9 /2 .1 1 /2 ) +
1316.1 1 7 /2 -
1317.1 9 /2 “
1357.5 1 3 /2 “
1362.0 (1 /2 ,3 /2 .5 /2 )+  0.28 0.2-1 0.01
1368.1 (1 1/2.1 3/2.1 5 /2 ) -
1369.7 (7 /2 .9 /2 ) +
1380.0 (1 1 /2 .1 3 /2 )-
1380.8 17/2 +
1393.3 1 3 /2“
1398.0 (1 3 /2 .15/2) “
1399.0 15/2 +
1-100.1 (1 3 /2 .1 5 /2 )“
1105.2 1 9 /2 “
1105.5 13/2 +
1118.2 1 3 /2 “
1-119.8 5 /2+  0.21 0.18 0.03
1 -1 2 0 .6  1 1 / 2 “
1-120.9 (9 /2 ,11 /2 ) +
1-171.2 (13 /2 ,15/2)+
1-199.0 0.16 0.13 0.02
15-10.9 (1 3 /2 .1 5 /2 )“
1557.5 (9 /2 .1 1 /2 ) +
1568.3 (11 /2 .13 /2 ,15 /2) +
( t a b l e
0.97 0.76 0.21 6.77 3-m b
7.31
0.38 0.29 0.08 7.18
l-g b
1-rn d
0.10 0.08 0.02 7.73 3-m b
6.12
1.01 0.83 0.20 6.70
2-g a 
1 - in a
0.53 0.13 0.10 6.99 3-m a
0.11 0.33 0.08 7.10 3-m v
0.80 0.65 0.15 6.80 3-m b
0.23 0.19 0.0-1 7.3 1 1-m a
1.00 0.81 0.19 6.71 1-m a
0. 10 0.33 0.08 7.10 3-m 1)
0.36 0.29 0.07 8.75 3-m c
0.75 0.61 0.1 1 6.83 1-m a
0.27 0.22 0.05 8.87 3-m c
0.1 3 0.1 1 0.02 7.58 3-m t’
0.91 0.7-1 0.1 7 6.71 2-m b
1.17 0.95 0.21 6.62 2-m b
0.-18 0.39 0.09 7.01 1 -m (1
0.27 0.22 0.05 8.8 1 2-rn c
7.30
7.21
0.5-1 0.15 0.09 6.9-1
3-m v
2-g <'
2-g a
3-m b
7. 11
0.21 0.17 0.0-1 7.35
2-r a
3-m v
0.35 0.29 0.06 7.12 l-rn ti
7. 12
0.21 0.17 0.03 7.3-1
3-g a 
1-m <■
0.32 0.27 0.05 8.72 2-m c
0.88 0.7-1 0.1 1 8.28 3-m c:
0.53 0.15 0.08 6.91 3-m b
7.29
0.09 0.08 0.01 7.68
i-R b 
3-m b
0.27 0.23 0.0 1 7.20 1-m v
0.13 0.1 1 0.02 7.52 2-m b
0.1'J 0.09 0.02 7.61 3-m (1
0.51 0.16 0.08 6.89 3-m 1)
0.1 1 0.12 0.02 7.17 3-m h
0.60 0.51 0.09 6.85 1-rn a
0.09 0.08 0.01 7.66 3-in b
0.09 0.08 0.01 7.66 2-m <•
0.76 0.65 0.1 1 6.71 3-m a
0.23 0.20 0.03 7.25 2-m b
7.-10
0.21 0.18 0.03 7.30
1-g b
2-in b
0.16 0.13 0.02 7.12 1-m c
0.51 U.-l 1 0.07 6.89 3-m a
7.50
0.13 0.1 1 0.02 7.16
1-g b
2-m b
0.12 0.10 0.01 7.50 1 -m v
0.28 0.25 0.01 7.1 1 3-m a
•d.)
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Table 4.7: continued
Knergy Feeding (%) 3 /2  decay Feeding (9c) 13 /2* decay
(keV)
Spin
EC /3+ EC /3+ I»p/I EC k- 41 + EC 8  + lng/(
Corn.
159(1.2 (11 /2 .13 /2) ~ 0.13 0.11 0.02 7.1 1 2-m h
15911.5 (11 /2 ,1 3 /2 ) + 0.47 0.41 0.06 6.89 3-m a
lem  .:i (9/2,1 1/2) + 0.32 0.29 0.0 1 7.04 1-m e
16(11.8 17/2 + 0.21 0.18 0.02 7.23 1 -m d
1037.8 (11 /2 ,13 /2 .15 /2 ) + 0.39 0.31 0.04 0.95 3-m a
171 1.1 (1 1 /2 .1 3 /2 )- 0.04 0.0.3 7.92 3-m b
1 7:17.6 (1 /2 ,3 /2 ,5 /2 ) + 0.31 0.28 0.03 7.1 1 1-g b
1751.9 (1 /2 ,3 /2 ,5 /2 ) + 0.28 0.25 0.03 7.1 5 l-g b
1775.9 (1 /2 .3 /2 .5 /2 ) - 0.1 1 0.10 0.01 7.53 3-g a
1779.9 1 1 /2 - 0.09 0.08 o.oi 7.53 3-m 1)
1 786.5 ( I /2 ,3 /2 .5 /2 ) + 0.16 0.14 0.01 7.39 l-g  b
18(17.6 1 5 /2 - 0.30 0.27 0.03 7.00 2-m b
1811.2 (1 /2 .3 /2 .5 /2 ) + 0.19 0.1 7 0.02 7.31 l-g b
1815.9 1 1 /2 - 0.40 0.36 0.04 6.87 2-m b
1842.9 5 /2  + 0.38 0.35 0.03 6.98 l-g b
1905. 1 1 5 /2 “ 0.45 0. 12 0.0 1 6.78 2-m b
191 8.1 (3 /2 .5 /2 ) + 2.46 2.26 0.20 6.15 l-g b
1919.0 3 /2 - 0.50 0.46 0.04 6.84 2-g a
19.1(1.1 1 7 /2 - 0.30 0.27 0.02 8.39 2-m c:
199 1.9 1 1 /2 - 0.08 0.07 0.01 7.52 2-m b
1995.0 5 /2 - 0.31 0.29 0.02 7.02 2-g a
1997.4 (1 /2 ,3 /2 .5 /2 ) + 0.19 0.17 0.01 7.24 l-g  b
2(1,’10.0 (1 1 /2 ,1 3 /2 ,1 5 /2 )- 0.10 0.10 0.01 7.38 3-m b
2051.7 (1 /2 .3 /2 ,5 /2 ) + 0.19 0.17 0.01 7.22 l-g  b
21165.9 (1 3 /2 ,1 5 /2 )- 0.09 0.08 0.01 7.42 2-m b
2068.7 (1 /2 ..3 /2 .5 /2 )- 0.88 0.82 0.06 6.53 3-g a
2(194.3 (1 /2 ,3 /2 .5 /2 ) + 0.32 0.30 0.02 6.96 1-g b
2095.6 (1 /2 ,3 /2 ) - 1.73 1.62 0.11 6.23 3-g a
2099.9 9 /2  + 0.05 0.05 7.65 1-m d
2102.1 (1 /2 ,3 /2 ,5 /2 ) — 0.94 0.88 0.06 6.49 3-g a
21 tJ.'i. 1 (1 /2 .3 /2 ,5 /2 ) + 0.70 0.66 0.04 6.62 1-g b
21 16.1 (3 /2 .5 /2 ) + 0.21 0.19 0.01 7.14 1-g b
2117.:i (11 /2 ,13 /2 ,15 /2 ) + 0.09 0.00 0.01 7.40 3-in a
2121.0 (1 /2 .3 /2 ,5 /2 ) - 1.08 1.01 0.07 6.43 3-g a
21 2 1.6 (1 /2 ,3 /2 ,5 /2 ) + 0.28 0.26 0.02 7.01 1-g b
2127.9 (1 /2 ,3 /2 .5 /2 ) + 0.35 0.33 0.02 6.91 1-g b
2142.6 5/2+ 0.50 0.47 0.03 6.75 1-g b
21 15.6 (11 /2 ,13 /2)+ 0.14 0.13 0.01 7.19 1-m a
21 19.8 1 3 /2 - 0.08 0.07 7.46 3-m b
215 1.4 3 /2 - 2.39 2.25 0.14 6.07 3-g a
2155.2 (1 /2 .3 /2 ,5 /2 ) + 3.74 3.52 0.22 5.87 1-g b
2172.1 (1 /2 .3 /2 .5 /2 ) “ 1.28 1.20 0.07 6.33 3-g a
217H.:i (1 /2 ,3 /2 .5 /2 ) + 2.24 2.11 0.13 6.09 1-g b
2178.2 (3 /2 ,5 /2 )+ 0.28 0.26 0.02 6.99 1-g b
2178.7 3 /2 - 0.74 0.69 0.04 6.57 2-g a
2180.3 9 /2  + 0.05 0.05 7.62 1-m d
2184.5 (3 /2 .5 /2 )— 0.93 0.88 0.05 6.46 3-g a
2186.2 0.48 0.-15 0.03 6.65 3-m b
2191.5 (11/2,1.3/2,15/2) + 0.08 0.07 7.44 3-in a
219.1.4 5 /2  + 0.19 0.18 0.01 7.16 1-g b
2202.0 0.66 0.(52 0.04 6.51 3-m b
2206.4 (13 /2 ,15 /2) + 0.52 0.49 0.03 6.61 2-m a
( t a b l e  c o n ’d . )
182
Table 4.7: continued
knergy
(IceV)
Spin
Feeding (%) 3/2 
F.C /3+ EC
decay 
3 + lng f t
Feeding (%) 1.3/2+ decay 
EC d+ EC /5+ l"g/<
Corn.
2 i a ) ,  i 5/2+ 0.19 0.18 0.01 7.10 1-g b
2202.(1 (11 /2 ,1 .3 /2 )- 0.66 0.62 0.0-1 6.51 3-m b
2206.1 (13 /2 .15 /2 ) + 0.52 0.49 0.03 6.61 2-m a
2207.1 (9 /2 ,11 /2 ,13 /2 ) + 0.16 0.15 0.01 7.1.3 1-m v
2221.7 (1 1 /2 .1 3 /2 )- 0.10 0.10 0.01 7.30 3-m b
222.').:) 1 3 /2 - 1.35 1.28 0.07 6 .19 2-m b
2 2 :)o.:) (3 /2 ,5 /2 )+ 0.36 0.3-1 0.02 6.80 i-g  i)
2 2 :1 7 . 0 (1 3 /2 .1 5 /2 )- 1.28 1.22 0.07 6.20 2-m b
2 2 :1 7 . 7 1.3/2 - 0.85 0.81 0.0 1 6.38 3-m b
22.1(1.5 1 3 /2 - 0.19 0.18 0.01 7.02 3-in 1)
2218.6 (11 /2 ,1 3/2.1 5 /2 ) - 0.28 0.27 0.01 6.85 3-m b
225:1.2 (3 /2 .5 /2 ) + 0.90 0.80 0.05 6.15 1-g b
2253.5 (1 3 /2 ,1 5 /2 )- 0.95 0.90 0.05 6.3.3 2-in b
2206.5 (1 1 /2 ,13 /2 ,15 /2) + 0.06 0.06 7.49 1-m a
2208.2 1 3 /2 - 1.01 0.96 0.05 6.29 3-m b
2280. 1 (1 1 /2 .1 3 /2 )- 0.1-1 0.1 1 0.01 7 .14 2-m b
228:1.2 0.43 0.10 0.02 6.77 3-g a
2285.3 (11 /2 ,13 /2) + 0.06 0.06 7.-18 1-m a
2289.2 (1 1 /2 .1 3 /2 ,1 5 /2 )- 0.10 0.10 7.27 3-m b
2291.1 11/2 + (1.08 0.07 7. 10 1-m a
2293.3 (1 /2 ,.3 /2 )- 0.81 0.77 0.0 1 6.-18 3-g a
2300.5 (1 1 /2 ,1 3 /2 )- 4.71 -1.49 0.22 5.61 3-m b
2.300.5 (1 3 /2 ,1 5 /2 )- 1.89 1.80 0.09 6.01 2-m 1)
2300.0 (11 /2 .13 /2 ) + 1.18 1.12 0.06 6.21 1 -m a
2300.3 (1 1 /2 ,1 3 /2 .1 5 /2 )- 0.12 0.1 1 0.01 7.22 3-m b
2.313.7 13/2 + 0.34 0.32 0.02 6.75 3-m a
2318.8 (11 /2 .1 .3 /2)- 0.45 0.4.3 0.02 6.62 2-m b
2319.1 (1 1 /2 .13 /2 ,15 /2) + 0.12 0.1 1 0.01 7.21 1-m a
2.319.5 1 5 /2 - 1.15 1.10 0.05 6.22 3-m b
2.32.3.0 ( 3 /2 ,5 /2 ) - 0.28 0.27 0.01 6.93 3-g a
2328.2 0.58 0.56 0.03 6.51 3-m v
2331.3 (1 1/2,1.3/2,15/2) + 0.06 0.06 7.46 1-m a
2337.1 (1 I / 2 .1.3/2.15/2) + 0.27 0.26 0.01 6.83 2-m a
2313.1 (1 3 /2 .1 5 /2 )- 0.49 0.4 7 0.02 6.57 3-m b
231.3.3 (1 3 /2 .1 5 /2 )- 0.56 0.5.3 0.02 (5.52 2-m b
2315.9 11 /2  + 0.21 0.20 0.01 6.95 1-m a
2.3-16.1 5 /2  + 0.-10 0.39 0.02 6.76 1-g b
2318.9 (1 1 /2 ,1 3 /2 )- 0.06 0.06 7. 15 2-m b
2351.1 (11 /2 .1 .3 /2)- 0.1.3 0.41 0.02 6.63 3-m b
2365.3 1 3 /2 - 0.09 0.09 7.31) 2-m b
2309.2 13/2 + 0.10 0.10 7.2-f 3-m a
2.388.9 (13 /2 ,15 /2) ~ 0.09 0.09 7.29 2-m b
2.390.2 13/2 + 0.22 0.21 0.01 6.90 3-m a
2.395.7 13/2 + 0.60 0.57 0.02 6.17 2-m a
2390.1 15/2 + 0.16 0.15 0.01 7.05 3-m a
2100.7 (11 /2 ,13 /2 ,15 /2) + 0.17 0.16 0.01 7.02 2-rn a
2101.2 (1 3 /2 .1 5 /2 )- 0.18 0.17 0.01 6.98 3-m b
2 103.3 (1 /2 .3 /2 .5 /2 ) + 0.26 0.25 0.01 6.93 1-g b
2-110.7 (1 1 /2 ,1 3 /2 .1 5 /2 )- 0.27 0.26 0.01 6.80 2-m 1)
2131.3 5 /2  + 0.52 U.50 0.02 6.62 1-g b
2171.2 11/2 — 0.09 0.09 7.25 3-m b
250 l.-l (1/2 ,.3 /2 ,5 /2) + 0.17 0.16 0.01 7.08 1-g b
(table? e n n 'd . )
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Table 4.7: continued
Energy
(kcY)
Spin
Feeding (%) 3 /2 decay Feeding (%) 1 3 /2 + decay
Com.
EC & 0+  EC 0 + logf t EC & 3+ EC d + logJi
252-1.5 (3 /2 .5 /2 ) + 0.17 0.16 0.01 7.07 i-g  i>
2572.9 (1 1 /2 ,1 3 /2 ,1 5 /2 )“ 0.0-1 0.0-1 7.58 2-m b
2625.0 (1 1 /2 ,1 3 /2 ,1 5 /2 )“ 0.0-1 0.0-1 7.55 2-rn b
2633.3 (1 1 /2 ,1 3 /2 )- 0.10 0.10 7.12 3-m b
*........... missing in tensity  fur 51.2 keV in 3 /2  decay
**.........missing in tensity  for 19.5 keV in 3 /2 ”  decay and 1 3 /2 + decay
1 - .................................d ^ ^ 2  bands
2 - ..........h { i / 2 bands
3 -.......... I1 9 / 2  bands
g  onl v in l87£;Hg decay
m ...........only in 187mHg decay
a ............superallowed and  allowed beta-decay
b ........... first forbidden beta-decav
c ............ first forbidden unique beta-decay, calcu lated  as such
d ............second forbidden beta-decay
e ............ com bination of two above o r m ore th an  second forbidden
a .b .d .e ..calculated  as allowed beta-decay
T a b le  4.8. /3+/E C  feeding in decay of 187^ ’mH g to levels in  187A u no t d raw n  in the  
decay schem e
Energy Feeding (%) 3 /2  decay Feeding (%) 1 3 /2 + decay
(keV) P EC & d + EC logf t  EC k  3+  EC /?+ logf t
705.7 ( 1 /2 ,3 /2 ) - 0.57 0.41 0.16 7.20 3-g a
1161.2 0.15 0.12 0.03 7.64 I-g e
1791.5 (9 /2 ,1 1 /2 ,1 3 /2 )— 0.06 0.06 0.01 7.67 3-m e
1864.3 0.05 0.05 7.74 1-m e
1876.6 0.11 0.10 0.01 7.50 1-g e
2082.2 0.09 0.08 0.01 7.42 3-m e
2263.0 0.09 0.09 7.34 2-m e
2306.8 0.05 0.05 7.57 2-m e
2331.9 0.10 0.10 7.36 1-g e
235 1.1 (1 1 /2 ,1 3 /2 ,1 5 /2 )— 0.06 0.06 7.45 2-m b
2381.9 0.06 0.06 7.14 1-m e
247-1.1 0.05 0.05 7.50 3-m c
2513.6 0.05 0.05 7.48 2-m e
2551.2 0.04 0.04 7.59 3-m e
2606.9 0.05 0.05 7.44 3-m e
2688.5 0.05 0.05 7.40 3-rn e
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F ig u r e  4.39. P lo t of th e  values for Z =79 from  Tables 3,4,5 and 6 in ref. [82] for 
th e  energy range 0-10 MeV.
w here th e  values for lo g ( / ,f f / / , f  )■ are taken  from  Table 5 in ref. [82]. T he  Q-value 
is taken  to  be 4742(250) keV for the  electron cap tu re  to  th e  ground s ta te , so the  
available energy for EC to  th e  428.4 keV level is 4313.6 keV, for th e  /?+-decay it 
is 3291.6 keV, and th e  b ranching  ra tio  for th a t  level is 0.81 %. Log ( f {f c  + / , | ) is 
2.99 and  log t is 4.15, so lo g ^  is 7.14. L o g (/,fc / / (| )  is 1.98 so the  EC feeding is 
0.54 % and th a t  for /3+ is 0.27 %.
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T he levels in 18'A u  in Table 4.7 deno ted  w ith c are tre a te d  as being 
reached by first forbidden unique b e ta  transitions [83]. For these levels the  values 
of logf t  and b ranching  in tensities are  calcu lated  using the  relations:
log f t ,  = log t, +  lo g ( / ,f c  +  /+ ) ,  +  log[(/,EC +  /,+ ) / ( / , f C +  )],
=  A
•' i
/ / ' rr EC I ’
1 +  (-fEc)i
w here lo g (/(f c / / +  )■ =  log( f ^ C/ f ^ ) t +  lo g [( /1£C/ / 1+ ) / ( / Lf C7 /+ ) ] ,  and th e  values 
for new term s are  taken  from  Table 4, 5, and  6 in ref. [82].
CH APTER 5
DISCUSSION  
5.1 Band Structure in I8'Au
T he developm ent of the  idea of in tru d e r s ta tes  and shape isom erism  in 
th e  odd-m ass nuclei near Z =82 s ta r te d  in the  la te  fifties in an effort to  explain 
th e  observed isom erism  of a 9/2~ level in th e  T1 isotopes [11]. T he U19/2 o rb ita l 
also plays an im p o rta n t role a t low energy in th e  odd-m ass Au isotopes [89], [3]. 
T he s tru c tu re  of the  U19/2 changes rapidly  (see F igure 2.10) in co n tras t to  the  
constan tly -spaced  l h n / 2 bands in th e  odd-A u isotopes [9].
In  o rder to  u n d e rs tan d  th e  shape coexistence in the  ‘^ A u  nucleus, one 
should exam ine which of the  single-particle o rb ita ls close to  th e  Ferm i energy p a r­
tic ip a te  in the  low energy excita tions, and w hat are th e  possible types of couplings 
of these  orb ita ls to  the  neighboring even-even nuclei serving as cores. T he nucleus 
18gAu has 79 pro tons and  108 neu trons and therefore  its excited  s ta te s  can be 
tre a te d  as pro ton-hole s ta te s  coupled to  a '^gHg core, or as p ro ton -partic le  s ta tes  
coupled to  a 18gP t core.
T he  cand idates for th e  pro ton-hole s ta tes  coupled to  the  ’f 8Hg are the  
positive  p a rity  single partic le  s ta tes  Sj/2, d;5/ 2, and  d 5/ 2 and the  negative parity  
single particle  s ta te  h u / 2- T hey  can couple: 1) to  th e  ground s ta te  band  in 188Hg 
(bu ilt on th e  0^) which is weakly ob late  deform ed w ith axial asym m etry  [95], [11], 
and  2) to  th e  excited  band  in 188Hg (bu ilt on the  O f) which is a p ro la te  deform ed
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in tru d e r band  [95], [11] (see F igure 2.12). These couplings can be form ally rep re­
sented  by: 7T_I <S> 188H g(w eakly oblate) and 7r _1 ® 188H g(pro la te), respectively.
T he p ro ton -partic le  s ta tes  coupled to  18f P t  are th e  negative p a rity  single 
partic le  s ta te  I19/2 and f r /2, and  positive parity  single partic le  s ta te  i i3/ 2. T hey can 
couple: 1) to  th e  ground s ta te  band  of 186P t (built on th e  0*) which is p ro la te  de­
form ed w ith  strong  axial asym m etry  and is, also, an in tru d e r band  (see F igure 2.12) 
and  2) to  the  excited  band  of 18(’P t (bu ilt on 0^ ) which is though t to  be m oder­
ate ly  ob late  deform ed w ith  strong  axial asym m etry  [95], [11]. These couplings can 
be form ally rep resen ted  as: 7r+1 ® 186P t(p ro la te )  and t t+1 (g> 186P t(w eak ly  oblate). 
E xam ples of a few o ther odd-m ass nuclei th a t  exhib it ax ially-asym m etric  (triax ial) 
cores are: 1) th e  18'I r  nucleus calcu lated  by M eyer-ter-V ehn et  al.  [49], as an 
odd  nucleon coupled to  a triax ia l core, for a single y-orb ita l applicable to  a unique- 
p a rity  spectra , and 2 ) the  1R9- 1!,HAu nuclei calculated  by V ieu et al.  [96], [97] using 
triax ia l ro to r calculations w ith  a m odified oscillator po ten tia l. O ut of th e  s ta tes  
produced  by the  couplings m entioned  above, those th a t  are genera ted  by an alm ost 
pure  h igh-j shell ( h n /2 and i n / 2) are easier to  identify  experim entally  since their 
m em bers decay p redom inan tly  w ith in  the  fam ily [49]. T he o th er groups of single 
particle  sta tes: (s ] /2, d3/ 2, and  d 5/ 2) and (h9/ 2 and f - /2) m ix am ong them selves 
and  are experim entally  and  theoretically  m ore com plex to  analyse.
T he h 9/ 2-f7/ 2, (h 9/ 2-f7/ 2y> h u / 2, and h n / 2' bands in 18'A u  and th e  0+ , 0+ ' 
bands in 186P t and  ,88Hg are shown in F igure 5.1. T he dashed  lines ind ica te  the  
couplings betw een th e  s ta te s  in 18'A u  th a t  correspond to  a specific single particle  
o rb ita l coupled to  the  ap p ro p ria te  core and th e  s ta tes  in th a t  core. In  th e  shell 
m odel n o ta tion  these couplings are w ritten  as:
a) 7r+1 ( lp 4 h )A u  ® 7r(4h )P t,
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F ig u r e  5.1. T he  h 9/ 2-f7/ 2, (h 9/ 2-f7/ 2)% h n / 2» h n / 27 bands in 18,A u and the  0+ , 
0+ ' bands in l86P t and  ,88Hg. T he  dashed  hnes ind ica te  th e  corresponding  cou­
plings: 7r+ 1( l p 4 h )A u ® 7r(4 h ) P t ,  7r+1( l p 4 h )A u ® 7r ( 2p 6 h )P t ,  7r _ 1(3h )A u ® 7r (2h)H g, 
and  7r _ l (3h )A u ® 7r (2p 4 h)H g. T he  d o tted  line ind icates th e  unfavored  coupling be­
tw een the  h u /o ' and  th e  188Hg deform ed band . O nly tran sitio n s  w ith  I *  =  / J  are 
ind ica ted . D a ta  for th e  figure are taken  from  ref. [15] and  [90].
b) 7r+ l( lp 4 h )A u  <g> 7r (2p 6h )P t ,
c) 7r _ l( 3h)A u ® 7r(2 h)H g, and
d)  7r ~ '( 3h)A u  ® 7r ( 2p 4 h)H g.
T he  h()/2-fr/ 2 l a n d s  in ,8 'A u  are exam ples of a) and b) couplings, while the  h n / 2 
bands in l8'A i are  exam ples of c) and  d) couplings.
Experimentally, the fingerprint for possible shape coexistence are inter-
band transitions with an enhanced E0 multipolarity in the I *  = I J  transitions.
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Such transitions can occur in bo th  odd and even nuclei w ith a few specific con­
stra in ts: the  0+ —>0+ is th e  only pure  EO tran sitio n  (by in te rn a l conversion) and 
occurs only in even nuclei, th e  l / 2 ± —>1/2* has E 0+ M 1 possibilities, and th e  rest 
are  EO-f M 1+ E 2 m ixed m ultipo larities. In th e  odd-A  case, except for E l ,  only the 
adm ix tu re  of m ultipo larities can occur. W hen EO is a large com ponent, such th a t  
a n  > a /< (M l, theo ry ), these  transitions are referred  to  in th e  te x t as “EO enhanced 
tran s itio n s” and  som etim es sim ply labeled “EO” . T he EO enhancem ent will occur 
betw een bands w ith  different shape coexisting s tru c tu re s  only if the ir s ta tes  mix 
[91], [92]. EO enhancem ent can still be tak ing  place b u t no t be observable when 
it falls below the  a n  >  a/<-(M l, theo ry ) criterion . C onceptually , the  origin of the  
electric m onopole s tren g th  can be shown using the  the  exam ple of the  tw o-sta te  
m odel [93], [94] depicted  in F igure 5.2. T he two unm ixed  s ta tes  are  deno ted  by
s (for spherical) and  d (for deform ed), and th e  m ixed s ta tes  can be w ritten  as a
linear com bination of th e  unm ixed sta tes:
| l )  =  a | s ) + / 3 | d )
| 2 ) =  —/3 | s ) + a  | d }
w here constan ts  a  and  f3 satisfy the  relation  a 2 +  f32 =  1 . T he  m onopole tran sition  
op e ra to r M ( E 0) =  e]Cp=i r 2 acts only on p ro tons. T he m atrix  elem ent of the  
M (E0) betw een unm ixed s ta tes  vanishes and  the  m atrix  elem ent of th e  M (E0) 
betw een m ixed s ta tes  is p roportiona l to  ( 2 | r 2 | 1 ):
( 2 | M ( E 0 \  0+ -♦ 0+) | 1 ) ~  ( 2 | r 2 | 1 )
=  —a/3 ( s | r 2 | s ) — j32( s \ r 2 \ d ) +  a 2( d \ r 2 \ s ) -f a/3 ( d | r 2 \ d  )
=  a/3 (( d  | r 2 | d ) — ( s \ r 2 \ s )) =  a(3 A ( r 2 ).
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D e f o r m e d
s t a t e
S p h e r i c a l  
s t a t e
o;
o:
o;
m ix in g
= t >
o:
M(EO; O ^ O ^ O M(EO; 0 ^ 0 ^ )  =  ?
Figure 5.2. The two-state m odel, used to discuss the monopole transition operator 
M (E0).
As this calculation shows, the matrix element of the EO enhanced transition be­
tween the m ixed states is proportional to the change in the mean-square charge 
radius of the nucleus in these two states, and to the product of the mixing coeffi­
cients. This simple model shows that the existence of such mixing gives rise to the 
states connected by I71-—T77 transitions with enhanced EO components.
The band structures in 1H'Au showing the transitions with enhanced EO 
m ultipole mixing are sketched in Figures 5.3 to 5.5. Figure 5.3 shows the positive 
parity states in 18'Au described as the 7r_1 ( s I/2-d3/ 2-dri/ 2) states coupled to the 
188Hg as a core. The states that correspond to the coupling to the ground state  
of the 188Hg core are organized in two bands built on the l / 2 + 0 keV and 3 /2 +
203.4 keV states. They do not separate in the bands built on each s ^ ,  d3/ 2, and 
d5/2 single particle orbital, which implies mixing between them . States that are 
described as the 7r_1 (s^ -d ^ -d s/- .;)  states coupled to the excited band in the 188Hg 
core are drawn at the right end of the figure. The states that have transitions 
with the enhanced EO components are part of that band, while the other states 
are the extra states that are the candidates for the band but are not found to have 
enhanced EO components.
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Figure 5.4 shows the negative parity states in 18'Au described as the 
7r“ 'h n /2 states coupled to the 188Hg as a core. The states coupled to the ground 
band of the core are organized in two bands, the favored band built on the 11/ 2“
223.9 keV state (normalized to zero keV in Figure 5.4) and the unfavored band 
built on the 1 3 /2— 749.3 keV state (normalized to 525 keV in Figure 5.4). The 
intruder group of states, drawn at the right side of the figure, are described as the 
states coupled to the excited band in !88Hg. They are connected to the “ground 
state” band by the transitions with the enhanced EO components. The states 
in this structure do not m ix with other negative parity states. This experimental 
finding agrees with the theoretical calculations. A calculation done for the 18,Ir 
nucleus based on the single j -orbital [49] agrees with the general features of the 
experim ental band structure observed here for the 18' Au nucleus. A calculation for 
18‘Au that included several negative parity single particle orbitals [47] still obtained  
almost pure h n /2 orbitals for the whole system  (proton-hole and the core).
Figure 5.5 shows the band structure of the negative parity states in 18'Au 
described as the 7r+ ,(h9/ 2-f7/ 2) coupled to 186Pt as a core, and positive parity states 
in 18'Au described as the 7r+1i i:!/2 coupled to the 186Pt as a core. The band built 
on the 9 /2 “ 120.5 keV state (normalized to 0 keV in Figure 5.5) comes from the 
coupling to the ground state band in 186Pt, with the unfavored states denoted by 
the shorter lines. The band built on the 9 /2 - ' 443.3 keV state (normalized to 323 
keV in Figure 5.5) comes from the coupling to the excited band in 186Pt with the 
unfavored states denoted by the shorter lines. Experimentally only the enhanced 
EO components are found for the transitions connecting favored states in these 
two bands. The favored states are described by the PTRM  orbital that is mostly 
h<)/2, while the unfavored states correspond to the PTRM  orbitals that have both
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F ig u r e  5.3. The band structure of the positive parity states in 18,Au described 
as the 7r- 1( s i /2-d3/ 2-d5/ 2) states coupled to the 188Hg core.The intraband and the 
interband transitions are drawn, between the bands built on the ground state and 
the 203.4 keV level. The transitions for the extra states and other than transitions 
with enhanced EO components from the intruder states are not shown. The levels 
seen in the in-beam data [18], [19] are denoted by o.
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F ig u r e  5.4. The band structure of the negative parity states in 187Au described as 
the 7r—1 (hj j /2) states coupled to the 188Hg core. The intraband and the interband 
transitions are drawn. The levels seen in the in-beam data [18], [19] are denoted 
by o.
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F ig u r e  5.5. The band structure of the states in 187Au described as the 7r+1(h9/ 2- 
f-jj2) and 7r+1( ii3/ 2) states coupled to the 18(iPt core. The levels seen in the in-beam  
data [18], [19] are denoted by o.
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h9/2 and f7/2 contributions. This is a very important experim ental observation for 
which there is yet no theoretical explanation.
5.2 Odd Proton Isotope System atics
The level system atics for the odd-A Au isotopes for the critical 187Au 
transitional nucleus and its nearest neighbors ( 18i)Au, 18'Au, and 189Au) are de­
picted in Figures 5.6 through 5.8. The proton Fermi surface lies near the s i /2, d;t/ 2, 
h(j/2, and h u /2 subshells. Figure 5.6 shows the system atics of the 7r_1 ( s i /2-d;i/ 2- 
d5/ 2) states in the 18oAu, 18'Au, and 189Au isotopes. The interesting feature in the 
system atics of the positive parity states is the series of the weak transitions in all 
three isotopes between the 3 /2 }  and 3 /2 } ,  5 /2 }  and 1 /2 } ,  and 7 /2 }  and 3 /2 }  
levels. The intensities for these transitions are given in Table 5.2.
Figure 5.7 shows the system atics of the 7r~]h n /2 states in the 185Au,
18'A u, and 189Au isotopes. As in the Sj/2-d3/ 2-d5/2 structures, the band head en­
ergies and the structures built upon them  vary only slowly with mass number 
A.
Figure 5.8 shows the system atics of the 7r+1 (h9/ 2-f7/ 2) and 7r+1 i ]3/2 states
in the 18oAu, 18'Au, and ,89Au isotopes. The most important feature of the sys­
tem atics is the exchange of the character (or nature) of the htj/2-fr/2 and (hg/ 2-f7/ 2)' 
bands between the isotopes 18'Au and 189Au. In ,8'Au the h9/ 2-f7/2 band has the 
intruder character, while the h9/ 2-f7/2 band in 189Au is the “normal” band. The 
analog of this h9/2-f7/2 normal band in 18,Au is the (hg/ 2-f7/ 2)' band. The expla­
nation underlying these observations comes from the system atics of the even-Pt 
isotopes (see Figure 2.12), which serve as cores for these odd-Au isotopes. For the 
18lPt and 186Pt isotopes the intruder 0+ state is the ground state, while for 188Pt 
the ground state 0+ is the “normal” state. The intruder 0+ state is about 0.8 MeV
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and 189Au isotopes.
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F ig u r e  5.8. The system atics of the 7r+1( i]3/ 2) states in the upper part of the 
upper figure with the transitions that connect i]3/2 to the h0/ 2-f7/ 2 structure; and 
the structure of the 7r+1(h9/ 2-f7/2) states in the 185Au, 187Au, and ,85Au isotopes.
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above the ground state in 188Pt. That is also why the intruder h(,/2 band in l89Au 
should lie much higher than the h9/ 2, and is not observed yet [98].
5.3 Comparison with the Particle+Triaxial Rotor Model Calculations
Several Particle+Triaxial Rotor Model calculations have been carried out 
for the different structures in 18'Au in conjunction with P.B. Semmes [47]. The 
choice of the deformation parameters for the calculation of the specific structure 
was based on several sources. The primary sources were: 1) the potential energy 
surface calculations by Bengtsson et al. [95] for the prolate and oblate minima 
in the even Pt and Hg isotopes, and 2) the potential energy calculation of the 
equilibrium deformations and excitation energies of single-quasiproton band heads 
by Nazarewicz et al. [51]. In addition, magnetic dipole moments and B(E2) and 
B(M 1) as well as experim entally determined levels and their spins were used in 
order to find the best choice for the deformation parameters.
The W oods-Saxon version of the particle+triaxial rotor model was used 
in the calculation, with the core moment of inertia estim ated from the Grodzins’ 
rule (if not mentioned otherwise), the core g-factor g/?=Z /A , and the spin g-factor 
for the odd proton g.,=0.70(g,, free). Some discussion on the Grodzins’ rule and 
the motivation for the reduction of its value for the 186Pt and 18RHg cores is given 
at the end of section 2.2 .
The calculation for the s , /2, d:j/ 2, d5/2 structure started with the defor­
mation parameters /32= 0 .15 , 0 A = -0.015, and the values for 7 between 60° and 
0". The experim entally known magnetic dipole moment for the ground state  
/r ( l /2 + )= + 0 .5 3  /Xyv and values for the B(E2; 3 / 2 f  —>1/2^ )=0.18 e2b2 and B(M1; 
3/2/" —>l/2]l‘)= 4 .8 x  10" 1 h k 2 were used to pinpoint the value for 7 . The calculated 
m agnetic dipole moment changes considerable with 7 because the contribution to
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the 0 = 1 /2  Nilsson orbital from the S]/2 and d;)/2 spherical orbitals is changing a 
lot. The adopted value for 7 of 45° reproduced the m agnetic dipole moment (+0.54  
the value for B(E2) (0.21 e2bJ). The B(M 1) value was estim ated to be less 
than 10~'* f i x 2 and was not considered in making the fit. A somewhat reduced 
value of the 2+ energy for the core from the Grodzins’ estim ate was used in the 
calculation (from 312 keV to 250 keV), which resulted in the slight compression of 
the levels in the rotational bands. The result of the calculation for the Si/2, d;j/ 2) 
d5/2 coupled to the ground state of 188Hg are shown in Figure 5.9. The calculated 
levels are organized into bands primarily by the dominant K value and dominant 
orbital representing the largest component in the wave function. Relative 7 -ray 
intensities for a few low lying transitions are shown in Table 5.1 The relative 
intensities have been calculated using the experimental transition energies.
Overall, a reasonable agreement exists between calculated and experim en­
tal relative transition intensities. A major feature of the experim ental data is the 
extraordinarily weak transitions: 3 /2 /  —> 3 /2 /, 5 /2 /  —> 1 /2 /, and 7 /2 /  —> 3 /2 /. This 
is exactly paralleled in 18oAu and 189Au, as shown in Table 5.2, and so it cannot 
be an “accidental cancellation” . PTRM  calculations agree with 5 / 2 / —>1/2 / and 
7 /2 /  —>3/2 / but not with 3 / 2 / —> 3/2 / transition intensities.
These “oblatish”calculations cannot account for the “extra” positive par­
ity states found experim entally and beginning with the level at 504 keV (denoted  
as “intruders” in the experimental part of Figure 5.9). A few experim entally found 
enhanced E0 transitions (the 387.7 and 391.9 keV transitions) also indicate that 
this group of states have a different structure. The deformation parameters for 
the best description of the h<j/2-f7/2 bands (discussed below) were adopted for the
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T a b le  5.1. List of experim ental and calculated relative 7 -ray intensities for a few 
low-lying levels in the positive parity structure.
Relative L
Position PTRM  calc. experiment
3 /2 /-> 1 /2 +
3 /2 + -^ 3 /2 +
5 /2 + —>1/2+ 
5 / 2 / —>3/2/ 
5 /2 + ^ 3 /2 +
5/2+  —.1 /2 +  
5 /2 /  —>3/2+ 
5 /2J  —>3/2+ 
5 /2 /  —> 5 /2 /
7 /2 /-> 3 /2 +  
7 /2 + -> 3 /2 +  
7/2+  ->5/2+  
7 / 2 / —> 5/2 /
100
30
28
100
< 0.1
2.9
100
1.3 
0.9
100
< 0.1
1.4 
0.7
100
1.4
100
72
(Ir=23)"
2
100
(Ir = 2 6 )’
100
4
36
* .... the total intensity
** ... obscured by Kg
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T ab le  5.2. List of a few very weak experim ental relative 7 -ray intensities and 
their transition energies in the 18’Au, 18'Au, and 18nAu isotopes, with a few other 
transitions for comparison.
Relative I0
185Au 187Au 1 8 9 Au
Position E, E, I, E , I,
3/2+ —>3/2+ 173 <2 184 1.4 194 <0.7
3/2+ -> 1/ 2+ 190 49 203 100° 204 89d
5/2+ - 1 / 2 + 267 1.5 291 1.9 308 <3
5/2+ - 3 / 2 + 250 37 272 836 298 98'’
7/2+ — 3/2J 226 <1 292 0.9 308 3.0
7/2+ - 3 / 2 + 399 13.3 476 22.6 502 33
7/2+ — 5/2+ 206 6.4 255 6.3e 264 14.5'
a M1 +  <10% E2 d M l +  <10%E2
b M 1+<10% E2 e M 1 +  <10%E2
c M1 +  <20% E2 f  M1 +  <10%E2
calculation of the ( s i /2, d3/ 2, d.5/ 2)r, based on the assumption that the prolate de­
formation of the 186Pt and 188Hg has the same parameters. The energy of the 
calculated intruder band head was adjusted to be the same as the experimental 
band head, denoted as “504” in the figure. Relative energies of the members in 
that band are as calculated. This approach is based on the fact that it is not possi­
ble to relate energies of states calculated with the particle-rotor m odel at different 
deformations because there are some terms in the calculation of the total energy 
that depend on the deformation.
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* th e  c a lc u la te d  b a n d  h e a d  e n e r g y  is  a d ju s te d  to  th e  v a lu e  o f 5 0 4  keV
F ig u r e  5.9. The Si/2, d3/ 2, d5/2 and ( s i /2, d3/ 2, d5/ 2)' (denoted as “intruders”) 
family of positive-parity states in ,8'Au. The left part of the figure shows the 
results of the PTRM  calculations, and the right part shows experim ental data. 
Level energies are given in keV relative to the basic state. The band head energy 
for the calculated intruder band is adjusted to be the same as the experimental 
band head. A is the Fermi energy, A  is the pairing gap, and E2+ is the energy of 
the 2+ level in the chosen core nucleus, all three given in MeV. Experimental levels 
with the EO transitions are denoted by a • .
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The structure of the h u /2 configuration in l87Au was calculated in the 
same manner. The calculation started with the deformation parameters (32 = 0.15, 
/Ti=-0.015, and the values for 7 between 0° and 60°. The calculated level energies of 
the h n /2 rotational band change strongly with 7 . That is why a clear restriction on 
the value of 7 could be m ade from the energy splitting between the 13/2  and 15/2  
members of the rotational band. This splitting is also sensitive to the position of 
the Fermi level. By using a standard potential (the W oods-Saxon) the Fermi level 
position is determined quite well relative to all the single-particle states, which 
allows for a good determ ination of the 7 deformation. The value chosen for 7 is 
32° and the value for the E2+ was reduced to 300 keV (Grodzins’ value is 404 keV). 
The use of a rigid core is a rather severe approximation here, so the some degree 
of reduction is appropriate. The “h n /2” levels are essentially unmixed with the 
“hc)/2” levels in the calculation, as is also observed in the experim ental data.
The result of the calculation for the h n /2 coupled to the ground state of 
188Hg are shown in Figure 5.10. In the figure the I = l l / 2 ± 2 n  states are separated 
from the I = l l / 2± ( 2n + l )  states to make it easier to compare calculated with the 
experim ental splitting.
The calculation for the (h n / 2)/ structure used the shape parameters j32 =  
0 .21, (3a =  —0.035, 7 =  20° also used for the h9/ 2-f-/2 bands. The calculated levels 
can be organized into bands: the 11 /2 “ , 13 /2 “ , 1 5 /2 “ , and 1 7 /2“ levels are part of 
a rotational band mainly built on the [505 11/2] orbital (with K = l l /2 ) ;  the 7 /2 “ , 
9 /2 “ , and 1 1 /2 “ levels are part of another rotational band that is mainly built on 
the same Nilsson state, but coupled to the “gamma band” of the triaxial core. In 
this case K = 7 /2 = l l /2 - 2  because in the odd-A nuclei, the total K of the odd-A
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* th e  c a lc u la te d  b a n d  h e a d  e n e r g y  is  a d ju s te d  to  th e  v a lu e  o f 657  keV
F ig u r e  5.10. The h n /2 and (hu  /*)' (denoted as “intruders”) family of negative- 
parity states in 187Au. The left part of the figure shows the results of the PTRM  
calculation, while on the right are experimental data. Level energies are given in 
keV relative to the basic state. The band head energy for the calculated intruder 
band is adjusted to be the same as the experimental band head. A is the Fermi 
energy, A  is the pairing gap, and E2+ is the energy of the 2+ level in the chosen 
core nucleus, all three given in MeV. Experimental levels with the E0 transitions 
are denoted by a • .
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wave function has a contribution from the core and from the deformed orbital. In 
Figure 5.10 they are drawn as the same band.
The structure of the h9/ 2-f7/2 and i i3/2 in 18'Au were calculated with the 
deformation parameters: /?2= 0.21 , /?.j =-0.035, and 7 = 20°. The value for 7 was 
chosen on the basis of the known B(E2; 5 /2 “ —>9/2“ )=1 .26  e2b2 and the basis 
of the experim ental level density and ordering of the spins. The major feature 
of the calculation is that for the most of the calculated orbitals it is difficult to 
separate the h9/2 and f7/2 contributions. A similar conclusion is drawn from the 
experim ental data in that the h9/ 2-f7/2 structure has no distinguishable h9/2 and 
l-i/2 bands. The results of the calculation for the coupling of the h9/ 2-f7/2 and i |,(/2 
to the ground state of 186P t as a core are shown in Figure 5.11. The part showing 
the iia/2 coupled to the 186P t core is drawn inside dashed lines in the calculated and 
in the experim ental part of the figure. Since the i 13/2 band was calculated with the 
same parameters as the h9/ 2-f7/2 (same deformation parameters, same core moment 
of inertia, etc .) it is possible to calculate a difference in the bandhead energies in 
the particle-rotor m odel. The ij3/2 band head is drawn at 1135 keV as the result 
of the calculation and is denoted as “0” to stress that it starts a new band. The 
experim ental band head is at 1122 keV, so the calculated value of 1135 keV is in 
a good agreement w ith experim ent.
The calculation for the (h9/ 2-f7/ 2)' structure was influenced greatly by 
the fact that two distinct prolate “h9/ 2” bands were found experimentally, with a 
degree of triaxiality. An oblate (h9/ 2-f7/ 2)' band should have much simpler strong 
coupled pattern instead of repeating the decoupled h9/ 2-f7/2 structure seen at low 
energies. That is why parameters for the (h9/ 2-f7/ 2)' band had the same value of
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F ig u r e  5.11. The negative-parity states h9/ 2-f-/2 and (h9/ 2-f7/ 2)' denoted as in­
truders, and the i13/2 family of positive parity states (boxed in by the dashed lines) 
in 18,Au. The left part of the figure shows results of the PTRM  calculation, and 
the right are the experim ental data. Level energies are given in keV relative to  
the basic state. The i13/2 band head is drawn at 1135 keV (PTR M ) and 1122 keV 
(exp .) above the h9/ 2-f7/2 band head, but denoted as “0” to show that it is an­
other band. The band head energy for the calculated intruder band (h9/ 2-f7 /'/)' is 
adjusted to be the same as the experimental band head. Experimental levels with 
depopulating EO transitions are denoted by a • . For A, A , and E2+ definitions see 
previous figure.
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fa  and 7 as the h9/ 2-f7/2 band: /32= 0.17 , /3t=-0.035, and 7 = 20°, describing a “pro- 
latish” shape. Experimental levels with depopulating EO transitions are denoted 
by a • .
Another interesting aspect of the h9/ 2-f7/2 band in l8' Au is the possibility 
to study the blocking effect, caused by an odd proton, on core pairing excitations 
(see for details refs. [99], [100]). The 9/2"  and 9 /2 “ ' states correspond to the 
couplings 186P t(0 i_)(g)7r+1 h9/ 2,9 /2 “ and 186P t(02')<g>7r+1h9/ 2,9/ 2“ , respectively. The 
energy separation between 9 /2 “ and 9 /2 “' is 323 keV and the 0* -02 core separation 
is 471 keV. Solely from the fact that 323<471 one would argue that the unpaired 
proton in the h9/2 orbital blocks the 0/- core configuration more than the 0j  core 
configuration. As Wood argues [99], the 9 /2 “ -9 /2 “' separation is not sufficient 
to dem onstrate the blocking effect, since Oj" and 0^ have, quite possibly, different 
quadrupole m oments. However, if one takes into account the centroid of the bands 
built upon 9 /2 “ and 9 /2 “' (which include couplings to the 0 /  and Oj as well as to 
their respective 2+ excitations) then the separation energy of the centroids, which 
is relatively independent of the Qcore-^partich; interaction, will reflect particle-core 
blocking effect. The bands built on the 9 /2 “ and 9 /2 “' states in l8'Au are shown 
in Figure 5.12. The centroids of the levels for both bands are calculated using 
energies of the 1 /2 “ , 7 /2 “ , and 1 3 /2 “ levels and the bands are drawn so that the 
centroids are at the same energy. The actual centroid separation energy is 314.4 
keV, which supports the argument that the odd-proton in the h9/2 orbital blocks 
the 0|  core configuration more than 02 core configuration.
Throughout the whole argument above, the h9/2 orbital was considered, 
but as shown by the experim ental data and the PTRM  calculations, the h9/2 de­
formed single particle orbital mixes strongly with the f7/2 deformed single particle
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1 7 /2 ' 736.3
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1 1 /2 ' 376.3
1 1 /2 " 398.5
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323.7
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1 / 2 ' 154.5 1 /2 - 115.1
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71 ( ^ 9 / 2 “ ^ 7/ 2 )  ®  0 l (186pt) w+1(h8/3- I 7A) ®  0*(186Pt)
CD -J
> £
F ig u r e  5.12. The bands built on the 9 /2 “ and 9 /2 “' in 187Au. The levels are 
drawn so that the centroids (calculated for both bands using energies of the 1/ 2“ , 
7 /2 “ , and 1 3 /2 “ levels) are at the same energy. The centroid separation energy is
314.4 keV. The levels with the EO transitions are denoted by •.
orbital. Experimentally it is reflected in the fact that there is no way to separate 
states into bands built on h9/2 and f7/ 2.
There is one more observation to be added to the picture. The interband 
EO transitions found in the bands built on the 9 /2 “ and 9 /2 “' states are only be­
tween the states that correspond to the PTRM  band built on the orbital which 
is mainly h9/ 2. There are no EO transitions between states which, in the PTRM  
calculations, correspond to the band built on the orbitals which are strongly mixed. 
There are two conclusions to be made from this discussion: 1) the EO transitions 
between states built on the h9/2 part of the 9 /2 “ and 9 /2 “' bands and the high 
degree of similarity in level structures reveal the presence of mixing, which agrees
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with the choice of the very similar deformation parameters used in the PTRM  cal­
culations; 2) the absence of EO transitions between states corresponding to PTRM  
orbitals which have both h9/2 and f7/2 contributions is not understood and deserves 
additional theoretical study.
5.4 Summary and Conclusion
By using the experim ental instrum entation and techniques developed at 
LSU to search for and quantify electric monopole transitions, it was demonstrated  
that EO enhancem ent in transitions between shape coexisting configurations is a 
common feature and that it can be used as a signature for nuclear shape coexis­
tence. W ith the connection between EO transitions and nuclear shape coexistence 
established, a series of experim ents on 18'Au, by means of /3-decay of l8'mHg and 
18'9Hg, was initiated. Two things became im m ediately apparent: first, the spectra 
were exceedingly com plex (more than 500 transitions in 18'Au and hundreds of con­
tam inating transitions from other A =187 isobars) and second, the /3-decay inten­
sity to the configurations of most interest is small (e.g. <1.6% of the total EC-f/3+ 
feeding from the 18'mHg to the ( h u /2)' band). In order to extract the relevant 
p h y s i c s , it becam e obvious that a new level of spectroscopic sensitivity and com­
pleteness would be required. W ithout doubt, this work represents a benchmark  in 
that regard and is one of the most com plete and detailed spectroscopic analyses of 
a radioactive decay sequence to date. Newly developed spectroscopic instruments 
and spectroscopic techniques were used to accomplish that task. The realization 
of the spectroscopic techniques required extensive software development as part of 
the present work.
Ten EO transitions were identified and observed to de-excite both high- 
and low- spin states which decay to four types of structure identified at low energy
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in 18'Au: positive parity states based on the mixed s1(/2, d3/ 2, and d5/2 structure 
(including the ground state) with spins up to 17 /2+ (at the excitation energy of 
about 1600 keV); positive parity states based on the i )3/2 structure with spins 
up to 17 /2 + (at the excitation energy of about 1380 keV); negative parity states 
based on the 9 /2~  isomeric state (T j /2=2.3s) at 120.5 keV with spins up to 19 /2“ 
(at the excitation energy of about 1230 keV); and negative parity states based on 
the 1 1 /2 “ isomeric state (T j /2=48ns) at 223.9 keV with spins up to 1 9 /2” (at 
the excitation energy of about 1400 keV). The low-lying positive parity states are 
interpreted as Si/2, d3/ 2, and d5/2 proton holes coupled to a 188Hg core. States built 
on the 13 /2 + bandhead at 1122 keV are interpreted as in t ruder  states based on an 
i i3/2 proton particle coupled to a ,86Pt core. The states built on the 11 /2 -  isomer 
are interpreted as an h n /2 proton hole coupled to a 188Hg core. The states built 
on the 9 /2 “ isomer are interpreted as in truder  states based on a proton particle 
in a h9/2 +  f7/2 configuration coupled to a 186Pt core. All these configurations but 
the one built on the i 13/2 also have excited structures built on the 02 state of their 
corresponding core nuclei. These classifications are also supported by system atics 
of excited states in 185- 195Au isotopes and by m agnetic moment measurements-
The results of these experiments have been cast in terms of a multi- 
j quasiparticle coupled to an axially asymmetric (triaxial) rotor by computing 
each configuration independently. The Particle 4- Triaxial Rotor M odel (PTR M ) 
calculations were performed with a set of deformation parameters tailored for each 
configuration separately. The choice of a parameter set was based on the known 
physical properties of that structure (B (E 2), B (M 1), m agnetic m om ent, etc.) as 
well as the experimental data from this study (as level energies, level density, and 
level spins). The calculations were performed one band at a tim e. Multiband
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calculations were not made and currently are not possible. The same parameters 
were also used for all the levels in the band regardless of the spin (this neglected 
“polarization effects”). Currently there is no particle-core coupling model available 
with shape coexistence incorporated into the description. Thus, no attem pt was 
made here to com pute relative band-head energies or the interband transitions 
probabilities. Beside these deficiencies of the model, the overall agreement with 
the experim ental data is quite impressive. In general, the level density and most 
of the spin ordering between the PTRM  and the experiment agree. The value for 
the E2+ energy for the chosen set of deformation parameters needed to be reduced 
from the rigid body value estim ated by Grodzins [54], which is acceptable for the 
type of rotors 186Pt and 188Hg are (more details can be found in section 2.4.4.).
One of the most remarkable results of the PTRM  calculations is the de­
scription of the bands based on the h9/ 2-f7/2 proton particle coupled to the l86Pt 
core. Most of the calculated deformed single-particle orbitals are already a mixture 
of h9/2 and f7/2 Nilsson states, but the final particle-core wave functions are strongly 
m ixed. The same feature is seen in the experim ental data for the band built on 
the 9 /2 “ isomer. No separate set of states could be assigned experim entally to 
correspond to the separate structure built on the 7/2" state as a bandhead. This 
agreement could be expected to persist even in the calculations which would use 
the code modified by the additions such as: more than one deformation and use of 
both parities, as the important ones.
The high degree of similarity between the experim ental structure of the 
h9/2-f7/2 and (h9/ 2-f7/ 2)' may point to prolate-oblate mixing in 186Pt.
The EO enhanced transitions are mainly found between states that corre­
spond to the m ostly pure h9/2 PTRM  orbitals, while no enhanced EO transition are
213
found between PTRM  orbitals that have both h9/2 f-/2 contributions. This obser­
vation may provide an experim ental key  to the eventual theoretical understanding 
of shape coexistence in these nuclei.
The new, comprehensive, and detailed experim ental data presented here 
for the 187Au nucleus can serve as a starting point for the theoretical development 
of models which explicitly include nuclear shape coexistence in the formalism.
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A PPE N D IX
COM PTON SCATTERING IN TWO-FOLD COINCIDENCE DATA
A .l  Introduction
T he process of C om pton  sca ttering  occurs in th e  7 -ray detec to rs th a t  are 
used in nuclear spectroscopy.
Figures 2-5 show d a ta  collected for 6uCo sources in  th e  two-fold coinci­
dence m ode betw een two 7  de tec to rs. This source is o ften  used for energy cali­
b ra tion  and for tes ting  the  coincidence set-up , before th e  use of th e  ac tua l beam , 
as was done before th e  experim ents described in th is study . T he  sim plicity of the  
6uCo decay d a ta  (the re  are only two strong  E2 tran sitio n s , 1332.5 and  1173.2 keV) 
allows one to  s tudy  th e  fea tu res of the  coincidence d a ta  in th e  sam e set-up  th a t  one 
has during the  experim ent. Some of these featu res are  acciden tal coincidences, and 
some are events th a t  arise from  th e  C om pton  sca ttering  process. Usually, the  m ain 
difference betw een th e  calib ra tion  sources d a ta  and ac tu a l d a ta  is in the  num ber 
of 7 -rays or electrons th a t  are incident upon th e  de tec to rs , b u t often th e  energy 
range is different too.
A different source m ust be used for energy calib ra tion  and  for testing  of 
th e  7 -e_ coincidence set-up  because of th e  e lectron  d e tec to r. A good choice is 
a  m ixed 13'C s -2u'B i source th a t  has tran sitio n s  w ith in tense  conversion electrons. 
F igures 6-8  show d a ta  for th e  13'C s-20'B i m ixed source, collected in th e  two-fold 
coincidence m ode betw een th e  7  and electron de tec to rs . D ifferences, which occur 
betw een th e  7 -7  and 7 -e~ coincidence d a ta  will be discussed in the  nex t section.
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A .2 C om pton Scattering
Compton scattering is a process in which an incoming 7 -ray scatters on 
a free or loosely bound electron, resulting in two particles, the recoil electron and 
the scattered 7 -ray. The Compton scattering will be recorded as a coincident event 
(in the two-fold coincidence set-up) only if both detectors recorded one of the two 
products that result from the same Compton scattering. Most of the tim e the 
scenario is as follows: the detector in which the scattering occurred stops a recoil 
electron AND the other detector detects a scattered 7 -ray. A complete list of the 
possibilities to record the Compton scattering process as a two-fold coincidence 
event will be given shortly.
S ta rtin g  w ith  the  equations for the  conservation of energy and linear 
m om entum  in th e  collision, and using E ,.=m c2 - m (|C2 for th e  kinetic energy of 
a recoil e lectron and m = —^ = =7  for its m ass, one can solve the  equations to  get
either the recoil electron energy (E e), the energy of the scattered 7 -ray (E ! j ,  or 
the relation between angles 6 and ip, wThich is the angle between the incident 7-ray 
and the scattered 7 -ray or between the incident 7 -ray and the recoiled electron, 
respectively. The three relations used in this discussion are:
E i — +  E e (A .l)
„  „  a  (1 — cosO)
E F =  E-, ------ --------------—  (A .2)
1 +  a  (1 — cosO)
cotip =  (1 +  a)  t a n -  (A .3)
z
where E7 is the energy of the incident 7 -ray, a  =  ^ 2, and moC2= 5 1 1  keV. The re­
coil of the nucleus and the binding energy of a weakly bound electron are neglected.
Specific terms are used when the angle between the incident and scattered 7 -ray
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F ig u r e  1. E nergy of th e  C om pton  edge and  th e  b ack sca tte r  7 -ray  as a function 
of inciden t 7 -ray energy, E-,.
(0) is 180". T hen , th e  energy given to  a recoil e lectron  is m ax im um  (E c(9 =  180")) 
and is called th e  Com pton  edge, while th e  energy of th e  sc a tte re d  7 -ray is m ini­
m um  (E ^(#  =  180")) and called the  back-scatter peak.  F igure  1 shows energy of 
th e  C om pton  edge and  the  b a c k sca tte r  7 -ray  as a function  of inc iden t 7 -ray energy. 
T he above equations and the  coincidence m ode of d a ta  collection d ic ta te  when a 
coincidence event will occur and  how th e  d a ta  will appear.
In a two-fold coincidence ty p e  of experim en t th e  C om pton  sca tte rin g  can 
be seen as an event th ro u g h  a few scenarios. A com m on beginning of th e  C om pton
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scattering  process is: an incident 7 -ra jr en ters one de tec to r, undergoes C om pton 
sca ttering , gives some energy (E r ) to  an electron , liberates th e  electron and gives 
it som e kinetic  energy (no te  th a t  th e  equations 1-3 are for free e lectrons), and the  
rest of the  in itia l 7 -ray energy (E.,) is given to  the  sca tte red  7 -ray (E^).
•  T he m ost probable scenario for th e  C om pton  sca ttering  process is one when 
the  recoil e lectron is stopped  in th e  sam e d e tec to r where th e  C om pton 
sca ttering  process occurs and  th e  sca tte red  7 -ray th a t  escapes th e  first 
de tec to r gets de tec ted  in th e  opposite  detec to r. In  th is case a coincident 
event is recorded for exam ple, as:
(a) (1332.5 recoil e lectron) —(1332.5 sca tte red  7 ), and  does no t a priori  
need ano ther coincident 7 -ray in order to  appear as a coincident 
event 1.
(b) o th er com binations can occure, w hen ano ther coincidence tran sition  
(the  1173.2 keV in th is case) is stopped  in the  o th er d e tec to r, such 
as:
(1 ) when the  o th er de tec to r de tec ts  th rough  th e  pho toelectric  effect, 
th e  events can be recrded  e ither as (1332.5 recoil e lectron) —(1173.2 
7 ) or as (1332.5 sca tte red  7 ) —(1173.2 7 ), and
(2 ) w hen th e  o ther d e tec to r de tec ts  th rough  C om pton  scattering , 
th e  1173.2 recoil electrons or the  1173.2 sca ttered  7 -rays, or 
b o th , do enhance th e  probab ility  to  get in itia l C om pton  sca t­
tering  p roducts  (1332.5 recoil electron and 1332.5 sca tte red  7 )
in to  th e  coincidence da ta .
'An example of the Compton scattering process, which is recorded as a coincidence event 
(m ostly through this type o f coincidence events) without other coincidence 7-ray, is the transition 
661.6 keV in the 13lCs decay from the y-e~ coincidence data, and will be discussed in more details 
in section 2.2 .
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•  In  the  case when th e  recoil electron and the  sca tte red  7 -ray are both  
s topped  by the  sam e d e tec to r, the  detec ted  energy will be th e  sam e as 
if the  photoelectric  effect, occurred , and so can be a p a rt  of a photo-peak 
(th e  full energy of an incident 7 -ray). In th is case C om pton  sca ttering  does 
not p resen t th e  loss for the  photo-peak  counts only if th e  o ther detecto r 
de tec ts some o ther 7 -ray th a t  is in the  coincidence w ith  the  first one.
As an exam ple, th e  1332.5 keV transition  in  6uCo undergos C om pton  sca t­
tering  (of th is ty p e) in one de tec to r, while th e  1173.2 keV transition  (in 
coincidence w ith 1332.5) is de tec ted  in the  o ther.
(a) If the  o ther d e tec to r de tec ts th rough  th e  pho toelectric  effect, th e  coin­
cidence event will be recorded as a count a t 1332.5—1173.2 keV (order 
depending on th e  detec to rs).
(b) In th e  case w hen the  C om pton sca ttering  also occurs in th e  o ther 
de tec to r, a coincidence event will be recorded at:
(1) the  1332.5—1173.2 if b o th  recoil electron  and  sca tte red  7 -ray are 
stopped  in the  o th er de tec to r too,
(2) or as 1332.5—(1173.2 recoil electron energy) in the  case when the  
1173 sca tte red  7 -ray escapes, and
(3) as 1332.5—(1173.2 sca ttered  7 -ray energy) if a recoil electron 
escapes from th e  o ther detec to r.
It is m uch less probable th a t  th e  recoil electron will escape th an  the  sca ttered  7 - 
ray, and the  electron will p robab ly  leave some of its energy in th e  de tec to r even if 
it escapes.
W hen the  C om pton  scattering  occurs on th e  bound electrons (K -shell, for 
exam ple) the  binding energy of the  recoil electron shifts th e  C om pton edge energy
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to  the  values lowered by th e  electron binding. T h a t effect can be seen in the  
experim ent done by P rad o u x  et al. [101], for the  661.6 keV ( 13'C s decay), where 
they  used th e  th ird  7  d e tec to r to  de tec t Ge K-shell X -rays (11.1 keV) produced 
afte r filling in the  hole genera ted  by the  C om pton  sca ttering  on the  Ge K-shell 
e lectron . T hey used a trip le-coincidence set-up (betw een th e  two 7  de tec to rs and 
an X -ray de tec to r) to  pick up only events which orig inated  by th e  K-shell recoil 
electrons. T hey  show the  shift of 11 keV of th e  “C om pton  edge” in the  sp ec tra  of 
th e  C om pton  sca ttering  even ts, betw een the  C om pton  sca ttering  on a free electron 
and  th e  C om pton  sca tte rin g  on a K-shell electron. T he “C om pton  edge” energy 
resolution of 35 and 45 keV for free and bound electrons respectively, is a ttr ib u te d  
m ainly to  th e  in trinsic  resolution of the  electronics and the  w idening due to  the  
geom etrical conditions. T he  m ultip ly  sca tte red  events were neglected.
F eatures of th e  sca tte red  7 -ray, in connection w ith the  different electron- 
shells of th e  recoil e lectron , and the  different thickness of a  sc a tte re r (m ateria l 
w here th e  C om pton  sca ttering  occurred ), are discussed by Schum acher [102]. He 
claim s th a t  th e  two successive C om pton  events present a m inor effect and can be 
m inim ized by the  decreased thickness of a sca ttere r.
T he question of th e  m ultip le C om pton  sca ttering , th a t  is the  cases when 
a sca tte red  7 -ray undergoes ano ther C om pton  scattering , and so on, are  estim ated
[103] to  be 15-20 % for double and abou t 5 % for higher th an  second order sc a tte r­
ing, com pared  to  the  to ta l in tensity . T he m ultip le C om pton  sca ttering  is discussed 
in th e  nex t two sections, and  is shown to  have an im p o rta n t role in th e  resolution 
of th e  “C om pton  edge” and  therefore the  “back -sca tte r” peak  as well.
T he angles in the  C om pton scattering  event are som ew hat restric ted  by 
the  d e tec to r geom etry. In  a  single scattering  even t, th e  recoil e lectron can be, in
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general, picked up a t any angle (except for the  events close to  the  surface) because 
th e  p roduction  and  stopp ing  of the  particle  occurs in the  sam e de tec to r, while the 
sca tte red  7 -ray can be de tec ted  only if it goes to  a small section of 4 7r, defined by 
th e  size and th e  d istance  of the  o ther detec to r.
In  our specific geom etry  the  C om pton  sca ttering  event will be recorded 
only for re s tric ted  values of b o th  angles, 6 and tp, because th ey  are  connected 
th rough  th e  E quation  A .3. T he restric tion  on 6 is g rea ter in th e  case when the  
‘o th e r’ d e tec to r is sm aller, th a t  is shown and discussed in connection w ith Figures 2 
and  3 in th e  section A .2.1.
T he double C om pton  scattering  has restric tion  on angles only for the 
second sca ttering . T he first one can occur a t any angle, because b o th  th e  recoil 
e lectron and th e  sca tte red  7  are de tec ted  by the  sam e de tec to r. As shown and 
discussed in connection  to  Figures 3 and 4 in the  nex t section, th ere  are such 
events in the  7 -ray  sp ec tru m  of the  e,lCo decay for which the  recoil electron  energy 
( “C om pton  edge” ) has the  value up to  90 keV g rea ter th a n  the  value for the 
C om pton  edge for the  free electrons. Such events can be accounted for only by the  
assum ption  of an occurrence of a double C om pton sca ttering . T he shift of up to 
90 keV agrees w ith  th e  fact th a t  the  m ost of the  sca tte red  7 -rays from  th e  first 
sca ttering , which becom e incident 7 -rays for th e  second C om pton  sca ttering , have 
energies betw een 150 and  200 keV (see F igure 1). T h a t m eans th a t  th e  secondary 
recoil e lectrons, s topped  in th e  sam e d e tec to r, will have energies betw een 55  and 
90 keV , as it can be read  ou t of Figure 1. T he to ta l recoil electron  energy recorded 
in th e  double C om pton  sca ttering  is a sum  of th e  two recoil e lectron energies from  
th e  two C om pton  scatterings. The events from  such a sum  fill up  the  a rea  of 
the  C om pton  edge peak  in th e  spectrum  of C om pton  events (as in F igure 3 or in
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figures 4 and 6 from  the  ref. [101]) beyond the  value for a single scattering  on a 
free electron. T h a t is how double sca ttering  (as well as m ultip le scattering ) widens 
th e  C om pton  edge peak for a single C om pton scattering . T he m ultip le scattering  
can bring up the  m axim um  energy, recorded in th e  first d e tec to r, to  a higher value, 
b u t its p robab ility  of 5 % for all m ultip le scatterings [103] pu ts  it in the  order of 
th e  background.
A .2 .1  C o m p to n  S c a t t e r in g  in  t h e  7 - 7  C o in c id e n c e  D a t a  The
7 - 7  coincidence d a ta  were collected using th e  tran sitions (1332.5 and 1173.2 keV) 
from  th e  60Co decay. F igure  2 shows th e  appearance  of the  tw o-dim ensional co­
incidence m atrix , w ith th e  th ree  different cuts on th e  num ber of events (counts). 
T he  events th a t happened  m ore th a n  50 tim es a t th e  sam e 7 -7  point of th e  m atrix  
are draw n on the  b o tto m  p a rt of th e  figure. T he cut-off is 98 for the  m iddle, and 
180 for th e  top  one.
T he C om pton  sca ttering  events are represen ted  by the  lines a t abou t 135° 
w ith  respect to  the  x-axis. T he shorter lines occur w hen the  sca ttered  7  is de tec ted  
by th e  sm aller d e tec to r (7 3 ) and  the  recoil electron is stopped  by th e  larger de tec to r 
(7 2 ). T he left short and the  left long line correspond to  the  1173.2 keV C om pton 
sca ttering , and  th e ir leng th  is de term ined  by the  angles (0 ) possible in th e  detec to r 
geom etry. The right fines from  b o th  groups correspond to  th e  C om pton  scattering  
of 1332.5 keV 7 -ray.
T he fines parallel to  th e  x and y axes represen t th e  accidental events 
w here one de tec to r de tec ts  one of the  coincidence transitions (1332.5 or 1173.2 
keV ), while the  o ther d e tec to r de tec ts  any th ing  else (th e  X -rays, the  p roducts of 
th e  C om pton  sca ttering  processes, or any o th er accidental tran sition  th a t  happens 
a t th e  sam e tim e). For such events, energies a t the  o ther d e tec to r vary alm ost
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F ig u re  2. View of the  2-dimensional m atrix  from  the  7 -7  coincident d a ta  from 
the  6uCo decay, w ith the  lowest num ber of events cu t off to  achieve b e tte r  clarity. 
T he num ber of events (counts) actually presented on the  each p a rt of the  figure 
are given to  th e  left of the  figure.
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continually  while the  first d e tec to r de tec ts  a specific tran s itio n , so th e  resu lt is the 
line perpend icu lar to  the  axis defined by the  first de tec to r a t th e  point defined by 
th e  energy of the  strong  tran sition .
F igure 3 shows th e  view of the  7 -7  m atrix  as well as b o th  pro jections. 
B oth  photopeaks and th e  approx im ate  positions of the  C om pton  edges and the  
back -sca tter peaks are ind ica ted  by th e  arrows. O ne can see th e  events th a t  are 
built up as a resu lt of the  C om pton  sca ttering  in th e  spectrum  above th e  back­
ground line. T he background line m im ics the  shape of an efficiency curve (such as 
th e  one in F igure 3.8). T he shorter lines in the  p lo t of th e  2-dim ensional m atrix  
correspond to  the  sharper peaks in th e  pro jections ( th e  C om pton  edge energies in 
th e  spectrum  of 72 and the  back-sca ttered  7 -ray energies in th e  spectrum  of 7 3 ). 
T he ac tua l com bination agrees w ith  the  fact th a t  th e  d e tec to r 73 had  sm aller vol­
um e. T he restric tion  on th e  angles in the  C om pton sca ttering  comes m ostly  from 
th e  geom etry  of the  d e tec to r (th e  d istance and size) th a t de tec ts th e  sca ttered  7 - 
ray. T he de tec to r w ith  sm aller size will res tric t angles m ore and  th e  back-scattered  
peak  will be sharper (th e  dispersion in energy of th e  sca ttered  7 -ray is sm aller). 
Because of the  coincidence m ode in which the  d a ta  are  recorded, th e  C om pton 
edge on the  o ther d e tec to r will be sharp  too.
F igure 4 has six background-sub tracted  coincidence gates pulled on th e  
spectrum  of 73 (shown in th e  left p a rt of F igure 3) a t th e  different positions of 
th e  C om pton  sca ttering  events. T he ac tua l values for th e  C om pton  edges and  the 
back -sca tter peaks, in th e  single C om pton  scattering  process on the  free electrons,
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F ig u r e  3. View of th e  2-dim ensional 7 -7  m a tr ix  (w ith  cu t off a t 50 counts) 
and bo th  p ro jec tions from  the  6uCo decay. T he  positions of the  pho topeaks and 
approx im ate  positions of th e  C om pton edges and  back -sca tter peaks for C om pton 
scattering  process are  ind ica ted  by the  arrow s. T he  shape of th e  background line 
m im ics the  efficiency curve, (eg. F igure 3.8). S harper edges of the  back-scattered  
7  in the  sp ec tru m  of 73 (an d  for th e  C om pton  edge in the  spectrum  of 7 2 ) show 
th a t th e  d e tec to r a t the  position  73 is a sm aller de tec to r.
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for the transitions in the 6uCo decay are:
T ransition  (keV ) C om pton  edge (keV ) B ack-sca tte r peak  (keV )
1173.2 963.4 209.8
1332.5 1118.1 214.4
O ne can see th a t  th e  ac tu a l energy values for the  m axim um  num ber of th e  events 
for the  recoil electrons in F igure  3 appear a t app rox im ate ly  55 keV lower energies 
th an  th e  values for the  C om pton  edge for free electrons. This also agrees w ith the  
o th er experim en tal C om pton  sca ttering  sp ec tra  such as th e  one in [101].
All of the  six gates, dep icted  in F igure 4, show th a t  E quation  A .l is 
satisfied. In o ther words, th e  sum  of th e  energy of th e  gate  and  th e  energies of 
th e  peaks appearing  in th e  ga te  correspond to  the  specific tran s itio n  in the  6 ,Co 
decay. For exam ple, th e  ga te  a t the  b o tto m  of the  figure is th e  gate  on the  several 
channels about th e  energy of 241.5 keV in the  73 spectrum  th a t  represen ts th e  area, 
of the  sca tte red  7 -rays for b o th  the  1332.5 and 1173.2 keV transitions . This gate 
represen ts th e  72 spectrum  and  has two peaks a t 931.7 and  1091.0 keV. T he first 
is the  energy of the  recoil electrons for the  C om pton  sca ttering  of th e  1173.2 keV 
tran s itio n , while the  second is the  energy from  th e  recoil electrons for the  1332.5 
keV transition .
All the  gates show th e  p roper appearance  of th e  C om pton  sca ttering  event 
in th e  backg round -sub trac ted  gates; all of them  have th e  negative peak to  th e  left 
(or righ t) of the  ac tu a l positive peak. This depends on th e  choice of the  background 
window to  th e  right (or left) of the  tran sition  w indow, respectively.
T he gate  a t th e  b o tto m  of F igure 4 was pulled a t th e  position of the  
m axim um  num ber of counts for th e  sca tte red  7 -rays (241.5 keV) and th e  gated- 
spectrum  shows sharply  defined energies of the  recoil electrons a t 931.7 and 1091.0
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keV for bo th  th e  transitions 1173.2 and 1332.5 keV. B ecause th e  position of th e  gate 
energy covers sca tte red  7 -rays from  b o th  tran sitions  in th e  6uCo decay, one can also 
see th e  weak peaks corresponding to  the  1173.2 and 1332.5 keV transitions, as the  
resu lt of the  coincidences of th e  type  (1173.2 sca tte red  7 ) —(1332.5 7 ) and  (1332.5 
sca tte red  7 ) —(1173.2 7 ), m entioned  in the  scenarios 1) and 2) a t th e  beginning of 
th e  previous section.
T he nex t spectrum  is the  gate  a t 308.5 keV, which is close to  the  high 
energy edge of the  sca tte red  7 -rays. T h a t is why the  peaks for th e  recoil electrons 
(th e  864.7 keV for the  C om pton  scattering  of the  1173.2 keV transition  and the  
1024.0 keV for the  1332.5 keV transition ) are m ore th a n  10 tim es w eaker th an  the  
peaks in th e  first gate . T he gate  energy was also chosen a t th e  position in th e  7 ;, 
spectrum  w here a weak peak was showing. T he gate  also shows a  weak 511 keV 
peak.
T he gate  a t 710.0 keV is chosen as th e  low energy edge of th e  recoil 
electrons for the  1173.2 keV transition . T h a t is why th e  gate  shows only weak 
sca tte red  7 -rays a t 463.2 keV (for the  C om pton  sca ttering  of the  1173.2 keV). 
T here  are no events from  th e  1332.5 keV sca tte red  7 -rays as expected , and the
1332.5 keV peak is weakly showing because it is in coincidence w ith th e  1173.2 
keV recoil electrons.
T he nex t two gates, th e  879.4 and 956.5 keV , have th e  C om pton  sca ttering  
events from  bo th  1173.2 and  1332.5 keV transitions. T he 879.4 keV gate  has m ore 
recoil electrons from  the  1173.2 keV while th e  956.5 keV gate  has m ore recoil 
electrons from  the  1332.5 keV transition  in th e  gate  window. As a resu lt, th e  areas 
of peaks in these gates are different (the  293.8 keV peak  is higher th an  th e  453.1 
keV peak  in the  879.4 keV gate , while th e  376.0 keV peak  is higher th an  the  216.7
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F ig u re  4. B ackground-subtracted  coincidence gates pulled across the  events from 
the  Com pton scattering  of the  1173.2 and 1332.5 keV transitions in the 6uCo decay, 
from the  7 -7  coincidence d a ta . T he 241.5, 879.4, and 956.5 keV gates show strong 
peaks, which are p a rts  of the  C om pton scattering . T he 308.5 and 710.0 keV gates 
are chosen at the  edges of th e  C om pton scattering  events, to  show the  decrease of 
the  num ber of C om pton scattering  events. T he gate  on 1151.6 keV shows th a t the 
double C om pton scattering  is occurring.
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keV peak  in the  956.5 keV gate , as one should expected ).
T he last ga te , a t th e  top  of F igure 4, is th e  gate  a t 1151.6 keV. T he gate 
shows th e  peak  at th e  energy of 180.9 keV for th e  sca tte red  7 . T he previous two 
are th e  p roducts  of the  C om pton  scattering  of the  1332.5 keV 7 -ray. For a single 
C om pton  sca ttering  of th e  1332.5 keV 7 -ray on a free e lectron , th e  m axim um  energy 
given to  the  recoil electron  is 1118.1 keV (th e  m inim um  energy for th e  sca ttered  
7  is 214.4 keV ). In  any o th er s itua tion  (not th e  free electrons or the  angle (0) 
different th an  180 °) th e  energy of the  recoil electrons should be sm aller (th e  value 
for th e  sca tte red  7  bigger). T he difference in th e  energy of 33.5 keV, in th is case, 
shows th a t  the  double C om pton scattering  occurred . T he num ber of gates, pulled 
for every 5 channels up to  th e  1215 keV (not shown here), had  the  peak at th e  right 
energy for th e  sca tte red  7 -ray  from  the  1332.5 keV C om pton  sca ttering  process. 
These observations agree w ith  th e  notion th a t  th ere  is a t least a double C om pton 
sca ttering  in the  d e tec to r set-up  used in the  experim en t, and therefore  has to  be 
taken  in to  account during th e  d a ta  analysis.
A no ther fact revealed from  the  3-dim ensional plots of the  C om pton  sca t­
tering  events in F igure 5 is th a t  if the  background window cannot be chosen close 
to  th e  tran s itio n  window, th e  negative peak m ight be to  weak to  be noticed in 
th e  background -sub trac ted  gate . In such a case, the  C om pton  sca ttering  peak of a 
stronger tran sitio n  (th e  C om pton  edge or th e  b ack -sca tter peak) can be m istaken 
for th e  pho topeak  of the  real coincidence tran sition . T here  is still a possibility 
to  recognize th a t  the  peak represen ts the  C om pton  sca ttering  events because the  
C om pton  sca ttering  form s b roader peaks.
F igure 5 has seven 3-dim ensional im ages of the  7 -7  coincidence d a ta . The 
first two sections, shown in th e  p a rt (a) and (b) of the  figure, represen t two points
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F ig u re  5. T he 3-dim ensional 7 -7  coincidence d a ta  from  the  60Co decay. The 
1173-1332 keV events as 72-73 and 73-72 com binations are shown in (a) and (b). 
Only the  accidental events are shown in (c). T he events around the  1173-1173 keV 
are shown in (d). T he C om pton  scattering  events are shown in (e), (f) , and (g). 
For the  details see tex t.
in  the  coincidence d a ta  w here the  1332.5 — 1173.2 keV coincidence occurred. P a rt
(c) shows the  level of accidental coincidences in th e  d a ta . T he section for th is im age 
is chosen betw een th e  two lines defined by th e  1332.5 keV C om pton  scattering  (the  
righ t fines in Figures 2 or 3). P a rt (c) shows th a t  th ere  are no C om pton  scattering  
events there . P a rt (d) also shows a section of d a ta  w ith accidentals, w ith the  
difference th a t  the  section covers th e  region around th e  1173.2—1173.2 keV point. 
T he different shape of the  accidental counts in th is a rea  comes from  th e  fact th a t  
the  1173.2 keV is th e  strong  tran sition . W eak ridges of events, bu ilt up parallel 
to  th e  axes, are form ed w hen one d e tec to r de tec ts the  strong  tran sition  while the  
o th er gets som eth ing  else, in stead  of some o ther strong  coincidence tran sition  (as 
in  (a) and  (b )). P a rts  (e), (f), and (g) are sections of d a ta  w ith  th e  1332.5 keV 
C om pton  sca ttering  events. T he sca ttered  7 -rays are shown in (e) and (f), and the  
recoil electrons in (g), all on the  E,., axis. T he “o th e r” m em ber of th e  C om pton 
sca ttering  p roducts  ( th e  recoil electrons in (e) and (f), and the  sca tte red  7 -rays on 
(g)) are shown on the  o ther de tec to r, E^3. T he p a rt (e) is chosen to  show the  edge 
of th e  C om pton  scattering  events th a t  is m entioned  in th e  discussion a few tim es.
A .2.2 Compton Scattering in the 7 -e_ Coincidence Data In
th e  7 -electron coincidence d a ta  (F igures 6 -8 ) th e  C om pton  sca ttering  occurs in a 
res tric ted  way. T he source used here is a m ix of 13'C s and 20' Bi, and th e  set-up  is 
the  two-fold coincidence betw een electron and 7 -ray detec to rs.
In  m ost of the  cases, th e  C om pton  scattering  event will be recorded when 
th e  incident 7 -ray en ters th e  electron detec to r; a fter the  C om pton  sca ttering  pro­
cess occurs th e  recoil e lectron is stopped , while th e  sca tte red  7 -ray reaches the 
7 -ray d e tec to r and is de tec ted  there .
T he o ther com bination , w here the  C om pton  sca ttering  s ta r ts  in the  7
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Figure 6 . View of th e  2-dim ensional e-y  m a tr ix  (w ith  cu t off a t 54 counts) 
and  b o th  p ro jec tions from  th e  137Cs and  207Bi decay. In  the  m atr ix  th ree  short 
lines a t 135° rep resen ting  C om pton  sca tte rin g  events are visible; ou t of which 
th e  m iddle one is for th e  661.6 keV  tran s itio n . T he p ro jec tion  a t th e  b o tto m  is 
th e  e lectron  sp ec tru m  an d  th e  one on th e  left is th e  7  sp ec tru m . T he  positions 
of th e  pho topeaks and  th e  approx im ate  positions of the  C om pton  edges and  the 
back -sca tte r peaks are ind ica ted  by th e  arrow s and  d o tte d  lines. In th e  electron 
sp ec tru m  the  conversion electron  lines (K , L, and  M ) are  ind ica ted  by black arrows. 
T he  d o tte d  lines show com binations for th e  C om pton  sca ttering  w ith very small 
p robab ility . For th e  details see te x t.
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d e tec to r and  w here the  sca tte red  7 -ray has to  be s topped  by th e  electron d e tec to r so 
th a t  th e  coincidence event can be recorded, is m uch less probable. T he p robability  
is so sm all because th e  7 -ray  efficiency of th e  Si(Li) e lectron  de tec to r drops very 
rap id ly  w ith 7 -ray energy. In  Si(Li) de tec to rs , the  pho topeak  is no t observable a t 
pho ton  energies above 150 keV.
C om binations (from  th e  scenario list in th e  previous section) th a t  include 
th e  recoil e lectron  or, w ith m uch sm aller probability , th e  sca tte red  7 -ray  in the  
electron  d e tec to r and  in th e  7 -ray de tec to r any o ther coincidence tran sitio n  or any 
of th e  two p roducts  of th e  C om pton  sca ttering  of th a t  o th er tran sitio n , can occur 
as well.
T he m ixed source used here has four transitions. T he  661.6 keV transition  
w ith th e  m u ltipo la rity  of M4 (strong  conversion electrons) is from  th e  1!'C s decay 
w ith  no o th er coincidence tran s itio n . T he 569.6 (E 2), th e  1063.6 (M 4), and  the
1770.2 keV (M l)  are  tran sitio n s  from  th e  2u'B i decay w here the  569.6 keV is in 
coincidence w ith  th e  o th er two. T he transitions w ith th e  m ultipo larities of M l and 
M4 are  s tronger in the  e lectron  sp ec tru m , while the  569.6 keV w ith  m ultipo larity  
of E2 is th e  strongest in th e  7 -ray spectrum  (as it can be seen in F igure 6 ). T he 
ac tu a l values for the  C om pton  edges and  the  b ack -sca tter peaks for th e  C om pton 
sca ttering  on the  free electrons in a single scattering  are:
T ransition  (keV ) M ultip . C om pton  edge (keV ) B ack-sca tte r peak  (keV )
661.6 Cs M4 477.3 184.3
569.6 Bi E2 393.3 176.4
1063.6 Bi M4 857.6 206.0
1770.2 Bi M l 1546.9 223.3
To achieve b e tte r  clarity  of the  figures the  energy range was selected up to  1300
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keV so th e  1770.2 keV tran sitio n  is ou t of th a t  range. F igure 6 shows a view of the  
2-dim ensional m atrix  w here events th a t  happened  m ore th a n  54 tim es are draw n. 
A t th e  b o ttom  of th e  figure is a pro jec tion  of th e  m atrix  on the  electron de tec to r 
as th e  x-axis and on th e  left is the  pro jec tion  on th e  7 -ray d e tec to r as the  y-axis.
T he C om pton  sca ttering  events in the  7 -e coincidence d a ta  have less 
counts th a n  one in th e  7 - 7  coincidence d a ta . T he g rea t m ajo rity  of them  are 
w ith the  C om pton  edge on th e  electron  de tec to r side. T h a t is why th ere  is no p ro ­
nounced back -sca tter a rea  in  the  electron spectrum  and the  areas of the  C om pton 
edges are very weak in the  7 -ray spectrum . T here  are th ree  sho rt lines a t 135" 
(see F igure 6 ). from  th e  C om pton  sca ttering  of th e  569.6, 661.6, and 1063.6 keV 
transitions . O u t of th em , th e  661.6 keV transition  does no t appear as th e  p ho to ­
peak in th e  coincidence d a ta  (because there  are no transitions in coincidence with 
it) . T he  661.6 keV is a strong  tran sitio n  and as such has a lot of the  C om pton  
sca tte rin g  events which allow for the  com binations th a t  can be recorded as the  
coincidence events. T he exam ple of th e  661.6 keV tran sitio n  shows th a t  one has to 
check for the  strong  transitions th a t  appear only in th e  s ing le s  d a ta  because they  
have C om pton  sca ttering  events in the  coincidence da ta .
F igure 7 has five backg round -sub trac ted  coincidence gates. T he top  of the  
figure is the  gate  pulled on th e  electron  spectrum  a t the  energy of 849.3 keV, which 
is in th e  area of th e  recoil electrons for the  1063.6 keV 7 -ray. T he gate  presents 
th e  7 -ray  spectrum  and clearly shows the  sca tte red  7 -ray peak  a t approxim ately  
216 keV. T he difference in th e  sum  energy and th e  ac tua l value of the  tran sition  
energy (1063.6 keV) comes from  the  bias voltage of the  e lectron d e tec to r th a t  acts 
on th e  conversion electrons b u t no t on 7 -rays. T he electron spectrum  is ca lib ra ted  
for th e  conversion electrons so any 7 -ray seen by the  electron  de tec to r th rough
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F ig u re  7. B ackground-subtracted  coincidence gates, pulled across th e  Com pton 
scattering  events of th e  569.6, 661.6, and 1063.6 keV transitions from  th e  13,Cs and 
207Bi decay in th e  7 -e coincidence da ta . Four gates are 7 -gated  electrons while the 
top gate  is e-gated 7 -ray spectrum . T he 181.3 keV gate is picked a t the  m axim um  
of the  scattered  7  for th e  569.6 keV, and it also shows C om pton scattering  of the 
661.6 keV transition . T he 198.4 keV gate  has the  C om pton scattering  events from 
all th ree  transitions. T he  386.5 keV gate  is pulled a t the  ‘o th e r’ com bination for 
th e  C om pton scattering  of the  569.6 keV transition  and does not show Com pton 
scattering  events. T he 215.5 keV and 849.3 keV gates show the  C om pton scattering  
of the  1063.6 keV transition  from bo th  possible views.
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th e  recoil electrons from  the  C om pton  scattering  has its  energy shifted to a higher 
value (such as X -rays in the  electron sp ec tru m ), m eaning th a t  849.3 keV is abou t
848 keV.
T he rest of the  gates are pulled on the  spectrum  of th e  7 -ray de tec to r 
and are p resen ted  by the  e lectron  spectra . T he rem ark  ab o u t th e  energy shift 
holds here too. T he gate  a t  181.3 keV, shown on th e  b o tto m  of th e  figure, was 
chosen at th e  m axim um  num ber of counts for th e  sca tte red  7 -ray  for the  569.6 
keV transition . T he 181.3 keV gate  shows a strong recoil electron  peak  at 389 keV 
and  a w eaker peak at 480 keV , from  th e  569.6 and 661.6 keV C om pton  scattering  
events, respectively. T here  is a very weak appearance  of th e  conversion electrons 
from  th e  1063.6 keV tran s itio n  (K , L), which is in the  coincidence w ith  th e  569.6 
keV tran s itio n , and appears here as the  (569.6 sca tte red  7 ) —(1063.6 conversion 
electrons) coincidence event.
T he gate  a t 198.4 keV has th e  recoil electrons from  th e  C om pton  sca t­
tering  of all th ree  tran sitio n s  (th e  569.6, 661.6, and 1063.6 keV ), w ith th e  weakest 
being the  recoil electrons from  the  1063.6 keV C om pton  sca ttering  events. I t  also 
shows the  weak 1063.6 keV conversion electrons for th e  sam e reason as th e  181.3 
keV gate  does.
T he gate  a t 215.5 keV in F igure 7 shows the  strong  coincidence w ith the
849 keV recoil electrons, from  the  1063.6 keV C om pton  sca ttering , and a very 
weak peak  at the  354 keV recoil electrons from  the  569.6 keV C om pton  scattering  
because th e  gate  is picked a t th e  high energy edge of the  569.6 keV sca tte red  7 -rays 
and a t the  strong  sca ttered  7 -rays from  th e  1063.6 keV C om pton  process.
T he gate  a t 386.5 keV is chosen at the  energy of th e  7 -ray spectrum  
w here the  569.6 keV recoil electrons should be and is th e  opposite  com bination
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F ig u r e  8 . View of th e  3-dim ensional 7 -e coincidence d a ta  from  th e  137Cs and  2u,Bi 
decay. P a r ts  (a) and  (b ) show K, and L, M 7 -(conversion electron) events from  
th e  1063.6-569.6 keV coincidence com bination . T he  p a rt (c) shows th e  C om pton 
sca tte rin g  even ts of th e  569.6 keV tran s itio n , in th e  com bination  which appears 
strongly  in th e  d a ta , while p a rt  (d) shows th e  opposite  com bination  which alm ost 
does no t ap p e ar .T h e  C om pton  sca ttering  events of th e  661.6 keV tran s itio n , which 
does not have th e  coincidence transitions, is shown in (e). T h e  p a r t (f) shows the  
high energy  edge of th e  C om pton  sca tte rin g  events for th e  1063.6 keV transition .
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to  th e  181.3 keV gate. T he electron spectrum  does no t show sca tte red  7 -rays a t 
abou t 183 keV because the  electron d e tec to r is alm ost tra n sp a re n t for th em , as 
expected . T he only o ther way the  recoil electrons from  the  C om pton  sca ttering  of 
th e  569.6 keV tran s itio n  could be weakly saved in th e  7 -ray d e tec to r is th rough  the  
coincidence w ith  th e  1063.6 keV conversion electrons. This is th e  reason why there  
are w eak conversion electron  peaks in th e  7 -ray spectrum  for all s trong  tran sitions  
having in coincidence some o ther tran sition  w ith th e  strong  conversion electrons.
F igure 8 shows 3-dim ensional plots of th e  7 -e coincidence d a ta  from  the  
13'C s and 2UlBi decay. P a r ts  (a) and (b) a t the  top  of th e  figure show events 
saved betw een th e  569.6 keV transition  on th e  7 -ray  d e tec to r and  the  conversion 
electrons from  th e  1063.6 keV transition  (K , L, M ) on th e  electron  de tec to r. P a r t
(a) shows K-shell conversion electrons, while (b) shows conversion electrons from  
th e  L- and M -shell. P a r t  (c) shows the  C om pton  sca ttering  events of th e  569.6 keV 
tran s itio n  ( th e  recoil electrons on the  electron  de tec to r and the  sca tte red  7 -rays 
on th e  7 -ray de tec to r). P a r t  (d ; is chosen for th e  “opposite” event: th e  569.6 
keV recoil electrons on the  7 -ray d e tec to r and the  sca tte red  7 -rays on th e  electron 
d e tec to r. As expected , there  is only a very weak enhancem en t a t th e  position  of the  
135° line. P a r t (e) is chosen at th e  661.6 keV C om pton  sca ttering  events th a t  are 
h a rd  to  notice in th e  electron  spectrum  because the  569.6 keV K-shell conversion 
electrons are a t th e  sam e energy. P a r t (f) shows th e  high energy edge of th e  1063.6 
keV C om pton  sca ttering  events.
X -ray coincidence sum m ing w ith  each tran sition  and coincident sum m ing 
of th e  two tran sitions  is of th e  order of background (th e  sum m ing peak  does not 
show out of the  background counts) in the  7 -7  d a ta , and X -ray coincidence sum ­
m ing is below 2 % in th e  7 -e da ta .
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